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PROJECT  SUMMARY 


The  ongoing  objectives  of  this  research  project  are  to  understand  the  mechanism  of 
hydrogen  entry  into  metals  and  to  search  for  and  evaluate  various  remedial  measures  to  control  this 
process  and  the  subsequent  hydrogen  embrittlement  of  steels  and  other  alloys.  Several  parallel 
approaches  are  being  pursued  to  achieve  these  objectives.  During  the  last  year,  significant 
progress  has  been  achieved  on  several  tasks.  A  brief  description  is  given  below  on  each  of  these 
tasks. 


1.  Effect  of  chloride  ions  on  the  evolution  and  absorption  of  hydrogen  in  iron. 

The  initial  step  of  the  hydrogen  evolution  reaction  (HER)  in  an  acid  medium  is  given  by: 

H30*  +  e'  — >  Htds  +  H20 

where  Htds  refers  to  a  hydrogen  atom  adsorbed  on  the  metal  surface.  This  H,ds  is  involved  in  the 
absoiption  of  hydrogen  within  the  metal  lattice,  i.e., 

Hlds  (surface)  -*H,bs  (lattice) 

We  have  shown  that  chloride  ions  reduce  the  overpotential  for  the  HER  on  an  iron  surface 
in  both  acid  and  alkaline  solutions  at  23 °C,  and  in  turn  reduce  the  hydrogen  coverage  and 

permeation  of  hydrogen.  The  effects  on  permeation  are  more  pronounced  in  alkaline  than  in  acid 
solutions.  Permeation  transients  at  constant  electrode  potential  of  the  charging  surface  and 
subsequent  surface  analyses  of  the  uppermost  atom  layers  of  the  hydrogen  charged  iron  surface 
indicate  (1)  either  a  reversible  or  low  coverage  with  Cl  ions,  (ii)  a  low  hydrogen  coverage  which  is 
not  influenced  significantly  by  Cl  ion  concentration  at  low  overpotentials,  and  (iii)  a  marked  effect 
of  Cl  ions  on  reducing  the  hydrogen  coverage  of  the  surface  and  the  permeability  in  alkaline 
solutions  at  high  cathodic  polarization.  This  work  has  been  submitted  for  publication  and  is  the 
first  paper  in  the  Appendices  of  this  report. 

2.  Effect  of  benzotriazole  (BTA)  on  the  permeability  of  electrolytic  hydrogen 
through  iron.  BTA  is  a  well  known  inhibitor  for  Cu  and  Cu-base  alloys.  We  have  obtained 
some  experimental  results  which  show  a  significant  effect  of  BTA  on  the  permeability  of 
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electrolytic  hydrogen  through  iron  membranes  and  on  their  polarization  behavior.  The  extent  of 
this  effect  of  BTA  was  found  to  be  dependent  on  the  level  of  polarization.  Fig.  1  illustrates  some 
of  these  results.  The  results  are  now  being  completed  before  they  can  be  analyzed  to  reveal  the 
mechanism  of  reaction  of  BTA. 


3.  Underpotential  deposition  and  absorption  of  hydrogen  (UPD):  The  question 
of  undeipotential  deposition  of  hydrogen  is  of  particular  concern  to  the  problem  of  hydrogen 
embrittlement.  For  the  case  of  hydrogen,  underpotential  deposition  refers  to  hydrogen  evolution 
(and  hence  absorption  within  the  metal)  at  potentials  more  noble  than  the  equilibrium  potential  of 
the  hydrogen  reaction  by  several  tens  of  millivolts.  We  have  obtained  some  preliminary  results  on 
the  UPD  of  hydrogen  on  Pd  where  it  was  found  that  hydrogen  enters  and  diffuses  through  Pd 
while  its  surface  is  controlled  at  a  more  noble  potential  than  the  equilibrium  potential  of  the 
hydrogen  reaction.  These  measurements  will  be  continued,  and  the  results  analyzed,  so  that  we 
can  obtain  a  satisfactory  mechanism  for  the  process,  before  testing  the  same  phenomenon  on  iron. 


4.  Distributions  of  cathodic  and  anodic  reaction  sites  during  environmentally 
assisted  cracking.  We  have  recently  shown  that  the  presence  of  significant  IR  potential  drop 
within  cracks  leads  to  nonuniform  distribution  of  both  the  cathodic  and  anodic  reaction  sites  on  the 
flanks  of  these  cracks.  For  the  case  of  cathodic  protection  in  an  acid  medium,  it  has  been  found 

that  a  characteristic  depth  Z  controls  the  above  distributions: 

11/2 


z  = 


FDC°a 


-exp 


b 


cm 


where  C°  and  D  are  the  concentration  and  diffusivity  of  H30*,  a  is  the  crack  width  and  i0,P  and 


tj(0)  are  the  exchange  current  density,  transfer  coefficient  and  overpotential  of  the  hydrogen 

evolution  reaction.  The  analysis  of  the  problem  yielded  quantitative  relations  which  can  be  used  to 
evaluate  the  efficiency  of  cathodic  protection  on  surfaces  with  recesses  or  cracks.  This  work  was 
recently  published:  B.  G.  Ateya  and  H.  W.  Pickering,  Corros.  Sci.,  37  (9),  1443-1453  (1995), 
and  is  the  second  paper  in  the  Appendices  of  this  report. 


5.  Hydrogen  evolution  and  absorption  within  grain  boundary  grooves  in 
sensitized  stainless  steels  under  anodic  protection.  Progress  in  this  area  includes 
experimental  evidence  for  the  electrolytic  generation  of  hydrogen  within  the  grain  boundary 
grooves  of  sensitized  430  stainless  steel  membranes  while  the  outer  surfaces  are  anodically 
polarized  with  respect  to  the  hydrogen  evolution  reaction.  We  have  also  analyzed  the  kinetics  of 


(3) 
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intergranular  corrosion  of  the  Cr-depleted  zones  in  the  steel  and  proved  a  synergistic  effect  of  Cr- 
depletion  and  ohmic  potential  drop  on  the  susceptibility  to  intergranular  corrosion  and  hydrogen 
embrittlement  of  the  steel.  The  grooves  form  at  the  steel  surface  with  openings  characteristic  of  the 

width  of  the  Cr-depleted  zone  (~<  0.2  |im).  They  deepen  and  branch  out  beneath  the  surface  and 

the  bulk  alloy  of  normal  Cr-content  within  the  membrane.  The  electrode  potentials  at  such 
locations  allow  for  hydrogen  evolution,  which  is  prohibited  at  the  steel  surfaces.  A  Devanathan- 
Stachurski  cell  was  used  to  detect  the  permeation  of  this  hydrogen  through  the  steel.  The  crevices 
which  form  around  the  Cr-depleted  zone  propagate  until  they  eventually  perforate  the  membrane. 
This  progress  was  made  possible  by  the  developments  of  a  novel  experimental  technique  to  detect 
this  stage  of  the  corrosion  process.  Part  of  this  work  was  recently  published:  A.  Sehgal,  B.  G. 
Ateya  and  H.  W.  Pickering,  J.  Electrochem.  Soc.,  142  (10),  L198  - 1200  (1995),  and  is  the  third 
paper  in  the  Appendices  of  this  report. 

6.  Shape  evolution  of  pits  and  crevices  and  its  role  in  stimulating  hydrogen 
absorption.  The  question  of  shape  evolution  of  pits  and  crevices  is  of  fundamental  importance 
in  localized  corrosion  and  in  hydrogen  embrittlement.  This  shape  evolution  follows  the  current 
distribution  on  the  sides  of  the  cavity,  which  is  determined  by  the  potential  distribution  within  the 
electrolyte  phase  inside  the  cavity.  The  latter,  in  turn,  is  determined  primarily  by  the  resistivity  of 
the  electrolyte  filling  the  cavity,  which  may  include  gas  bubbles  and/or  solid  corrosion  products. 
Within  such  constricted  cavities,  we  have  earlier  shown  that  electrolytic  hydrogen  can  be 
generated,  which  eventually  can  lead  to  embrittlement.  The  question  of  shape  evolution  poses  a 
challenge  on  the  levels  of  physical  and  mathematical  modeling  and  of  experiment  measurements. 

During  this  year,  we  succeeded  in  monitoring  the  potential  distribution  and  shape  evolution 
of  cyclindrical  crevices  (artificial  pits)  in  nickel  immersed  in  an  acid  medium.  The  results  were 
interpreted  in  the  light  of  a  mathematical  model  which  was  published  earlier.  The  model  was  found 
to  accurately  predict  the  aspect  ratio  which  causes  proton  discharge  and  hydrogen  absorption  from 
within  the  cavity.  Only  crevices  with  depths  greater  than  the  critical  depth  predicted  by  the  above 
mentioned  model  (which  is  based  on  fundamental  principles  and  requires  no  adjustable  parameters) 
actively  corroded.  The  upside  down  orientation  led  to  convective  mixing  as  the  corrosion  products 
flowed  downward  out  of  the  crevices.  This  maintained  the  low  pHO  condition  and  large  size  of  the 
active  peak,  thereby  stabilizing  the  crevice  corrosion  process  in  accordance  with  the  magnitude  of 
the  IR  drop  in  the  crevice.  This  work  was  recently  published:  M.  Wang,  H.  W.  Pickering  and  Y. 
Xu.  J.  Electrochem.  Soc.  142  (9),  2986  -  2995  (1995),  and  is  the  fourth  paper  in  the  Appendices 
of  this  report.  (Fig.  5  illustrates  the  various  stages  of  the  shape  evolution). 
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These  experiments  have  also  given  new  insight  into  the  role  of  pH  and  the  dynamics  of 
interaction  between  the  IR  potential  drop  and  other  composition  changes  (e.g.,  metal  ion 
concentration)  during  the  activation  and  propagation  of  crevices.  The  potential  distribution  is 
emerging  more  and  more  as  the  dominant  factor  in  the  activation  and  propagation  of  crevices.  The 
major  importance  of  localized  acidification  is  shown  to  have  its  effect  through  its  role  in  increasing 
the  size  of  the  active  peak.  The  IR  potential  drop  is  necessary  to  shift  the  electrode  potential,  from 
the  passive  values  at  the  crevices  external  surface,  to  within  the  active  peak  (which  has  been 
expanded  by  acidification  and/or  CT  accumulation)  inside  the  crevice.  The  most  recent  aspects  of 
this  work  have  been  submitted  for  presentation  at  a  symposium  on  crevice  corrosion  at  Corrosion 
'96,  Denver,  CO,  in  March  1996.  Another  part  was  submitted  for  presentation  at  the  Second 
Arabian  Corrosion  Conference,  organized  by  Kuwait,  October  12-15, 1996. 


0  200  400  600  800 


t,s 


Fig.l  Hydrogen  permeation  transients  obtained  at  different  cathodic 
currents  (30-180  pA),  and  for  various  concentrations  of  BTA  in  acidic 
solution  of  0.1N  H2SO4+  0.9N  Na2S04,  for  an  annealed  iron  membrane  of 
thickness  0.25  mm,  which  illustrate  the  strong  effect  of  BTA  on  inhibiting 
hydrogen  absorption. 
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ABSTRACT 

The  effect  of  CT  ion  on  the  absorption  of  hydrogen  into  iron  and  on  the  hydrogen  evolution 
reaction  (h.e.r.)  on  an  iron  surface  was  studied  in  acid  and  alkaline  solutions  at  23*C  using  the 
permeation  method  of  Devanathan  and  Stachurski.  Chloride  ions  reduced  the  overpotential  for  the 
h.e.r.  and,  in  turn  reduced  the  hydrogen  coverage  and  permeation  of  hydrogen.  The  effects  on 
permeation  are  more  pronounced  in  alkaline  than  in  acid  solutions.  Permeation  transients  at 
constant  electrode  potential  of  the  charging  surface  and  subsequent  surface  analyses  of  the  upper¬ 
most  atom  layers  of  the  hydrogen  charged  iron  surface  indicate  (i)  either  a  reversible  or  low 
coverage  with  Cl*  ions,  (ii)  a  low  hydrogen  coverage  which  is  not  influenced  significantly  by  Cl* 
ion  concentration  at  low  overpotentials,  and  (iii)  a  marked  effect  of  Cl*  ions  on  reducing  the 
hydrogen  coverage  of  the  surface  and  the  permeability  in  alkaline  solutions  at  high  cathodic 
polarizations. 


Deceased 

**  Permanent  address:  Chemistry  Department,  Faculty  of  Science,  Cairo  University,  Cairo,  Egypt 


INTRODUCTION 


The  effects  of  chloride  ions  on  pitting,  stress-corrosion  cracking  and  general  conrosion  have 
been  well-documented.1*7  On  the  other  hand,  their  effects  on  the  kinetics  of  the  hydrogen 
evolution  reaction  (h.e.r.),  and  hence  on  hydrogen  absorption  and  permeation  through  iron,  is  less 
certain  and  there  is  an  evident  shortage  of  published  work  on  this  point.^  This  is  the  more 
surprising  since  extensive  work  has  been  published10*21  (and  more  recent  references)  on  the 
effects  of  various  additives,  e.g.,  CN*,  I*,  naphthalene,  and  As3+  on  the  hydrogen  evolution 
reaction,  and/or  on  hydrogen  permeation.  The  purpose  of  this  paper  is  to  study  simultaneously 
the  effect  of  Cl*  ions  on(  i)  the  absorption  of  hydrogen  by  iron  during  cathodic  hydrogen  charging, 
and  (ii)  the  polarization  behavior  of  the  hydrogen  evolution  reaction. 

EXPERIMENTAL 

The  Devanathan  and  Stachurski  method22  was  used  to  measure  the  permeability  of  hydrogen 
through  Fenrovac  E  iron  membranes  as  a  function  of  the  charging  current  density  and  the  level  of 
the  Cl*  ion  concentration  in  the  charging  solution.  It  consists  of  two  identical  electrolytic  cells 
separated  by  the  iron  membrane.  One  cell  (Cell  1 )  is  used  to  generate  the  hydrogen  charging 
current  and  to  measure  the  potential  of  the  charging  side  of  the  membrane  under  various  conditions 
of  current,  and  Cl*  concentration,  while  the  other  (Cell  2)  is  used  to  measure  the  hydrogen 
oxidation  current  at  the  exit  surface  of  the  iron  membrane  which  is  a  direct  measure  of  the  flux  of 
hydrogen  diffusing  through  the  membrane. 

The  reference  electrode  in  cell  1  was  Hg/HgO  in  the  alkaline  and  Hg/Hg2S04  in  the  acid 
solutions.  Cell  2  was  filled  with  0.1N  NaOH  and  a  Hg/HgO  reference  electrode  was  used  in  it. 
Potentials  are  reported  in  terms  of  the  standard  hydrogen  electrode  (SHE).  The  measurements 
were  carried  out  at  23±2*C. 

The  Pt  counter  electrodes  in  both  cells  were  separated  from  the  respective  working  electrode 
compartments  by  thick,  medium  porosity,  glass  frits  since  Pt  is  known  to  dissolve  in  Cl* 
solution23.  In  order  to  check  that  dissolved  Pt  had  not  entered  the  working  electrode  compartment 


and  had  not  deposited  on  the  iron  surface,  this  surface  was  rinsed  with  distilled  water  and 
subsequently  analyzed  by  Auger  electron  spectroscopy  (AES)  and  by  X-ray  photoelectron 
spectroscopy  (XPS).  No  platinum  was  detected  on  the  surface. 

Ferrovac  E  iron  membranes,  0.055  cm  thick,  were  given  a  final  polish  with  600  emery  paper, 
degreased  in  a  Soxhlet  condenser  for  about  24  hours  using  50/50  benzene-methanol  mixture; 
annealed  in  evacuated  capsules  at  1000*C  for  2  hours  and  furnace  cooled  prior  to  insertion  in  the 
permeation  cell. 

The  exit  surface,  which  was  Pd  coated,  was  maintained  at  0.10  V  (SHE),  which  is  sufficient 
to  oxidize  the  hydrogen  atoms  reaching  this  surface.  The  permeation  current  was  constant  for  a 
wide  range  of  potentials  on  both  sides  of  this  value.  The  residual  current  was  ~0.2  |iA  cm*2.  The 
Pd  layer,  applied  by  chemical  deposition,  minimized  loss  of  hydrogen  as  H2  gas10-22’24. 

Strict  conditions  of  purity  and  deareation  were  maintained  throughout  the  measurements. 
Distilled  water  was  prepared  following  the  method  of  Powers25.  The  solutions  were  pre¬ 
electrolyzed  overnight  using  a  Pt  anode  separated  by  a  glass  frit  from  the  main  electrolyte 
containing  an  Fe  cathode  under  an  atmosphere  of  prepurified  nitrogen.  They  were  transferred  from 
the  pre-electrolysis  cell  to  the  working  cell  under  nitrogen.  Details  of  the  membrane  preparation, 
cell  design,  circuitry,  electrochemical  conditions,  proper  membrane  thickness  and  edge  effect,  as 
well  as  other  experimental  conditions,  are  presented  elsewhere26. 

The  potential  measured  at  the  charging  side  of  the  membrane  includes  an  ohmic  drop  between 
the  tip  of  the  Luggin  capillary  and  the  membrane  surface,  and  a  liquid  junction  potential  (between 
dissimilar  electrolytes)  in  addition  to  the  activation  and  concentration  polarizations.  The  ohmic  and 
concentration  polarizations  are  considered  negligible  since  measurements  were  confined  to  low 
cathodic  charging  currents.  The  error  introduced  by  a  variation  in  liquid  junction  potential  and/or 
activity  coefficient  of  H+  ion  with  changing  ionic  strength  of  the  charging  electrolyte  was  evaluated 
by  the  following  experiment: 

Two  large  area  platinized  Pt  electrodes  were  brought  to  a  zero  current  flow  condition  under  a 
H2-gas  pressure  of  1  atm.,  one  in  the  Cl*-containing  and  the  other  in  the  Cl'-free  acid  solutions. 


The  compartments  of  the  two  electrodes  were  connected  by  a  Luggin  capillary  identical  to  that  used 
in  the  measurements.  The  measured  potential  difference  was  -0.2  mV  between  two  blank 
solutions,  3.2  mV  between  blank  and  0.1N  NaCl  solutions,  and  -0.3  mV  between  blank  and  IN 
NaCl  solutions.  Since  these  potential  difference  are  small  relative  to  those  which  were  measured  in 
the  experiments  and  attributed  to  the  effects  of  Cl*  ions,  the  combined  effects  due  to  liquid  junction 
potential  and  variations  in  activity  coefficient  can  be  neglected. 

All  measurements  were  taken  in  the  following  sequence:  First  the  blank,  then  the  0.1N  NaCl 
and,  finally,  the  IN  NaCl  solutions.  With  each  solution,  data  were  obtained  for  a  series  of 
charging  currents.  Thus,  three  series  were  performed  consecutively  on  each  membrane.  The 
procedure  differed  slightly  for  the  acid  and  alkaline  charging  solutions.  In  order  to  remove  the  air- 
formed  oxide  on  the  Fe  membranes,  they  were  hydrogen  charged  at  either  10  or  2  mA  cm*2  for  30 
minutes  in  the  blank  alkaline  or  acid  solutions,  respectively.  This  pretreatment  has  been  frequently 
recommended27-28  and  was  found  in  this  work  to  give  reproducible  results  of  permeation  current, 
ioo,  and  electrode  potential,  E.  The  resulting  Tafel  plots,  Fig.  1,  are  in  good  agreement  with  those 
reported  in  the  literature18-19.  The  hydrogen  charging  current  was  then  decreased  in  a  stepwise 
manner  as  steady  permeation  currents  and  potentials  were  obtained  (<  4  minutes).  With  the  NaOH 
solutions,  the  charging  current  was  shut  off  for  up  to  2  minutes  between  transients  while  the 
permeation  current  decayed  to  a  low  value,  a  procedure  which  was  avoided  in  the  H2SO4  solutions 
because  of  the  possibility  that  the  membrane  would  undergo  dissolution. 

RESULTS 

Figure  1  shows  the  Tafel  plots  of  the  h.e.r.  at  the  charging  side  of  the  membrane  for  both 
acid  and  alkaline  solutions  (blank,  0.1N  and  IN  Cl*  ions).  The  overvoltage  for  hydrogen 
evolution  is  less  in  the  chloride-containing  solutions.  The  Tafel  slope,  3^,  is  120  ±  2  mV  in  the 
acid  solution  regardless  of  the  presence  or  level  of  Cl*  ions  in  the  electrolyte,,  and  1 15  i  4  mV  and 
133  ±  4  mV  in  the  blank  and  Cl*  containing  alkaline  solutions,  respectively.  These  values  of  Tafel 
slopes  are  in  the  range  of  those  reported  for  iron  by  other  workers  in  a  variety  of  electrolytes18-19. 


However,  they  indicate  that  the  Cl  ions  have  a  moderate  effect  on  the  structure  and  potential  profile 
within  the  double  layer  only  in  an  alkaline  solution  and  no  such  effects  are  observed  in  acid 
solution. 

Figure  2  shows  the  steady-state  permeation  current,  ioe  as  a  function  of  charging  current  and 
chloride  concentration.  For  both  alkaline  and  acid  solutions  the  permeation  of  hydrogen  decreases 
with  increasing  concentration  of  Cl*  ion  for  the  same  value  of  charging  current.  This  effect  of 
chloride  ion  is  reproducible,  though  varying  in  magnitude  from  specimen  to  specimen.  Thus,  to 
that  extent  the  Cl*  ion  enhances  the  hydrogen  evolution  reaction  and  retards  the  absorption  reaction. 

Figure  3  shows  that  at  constant  overvoltage  the  effect  of  Cl*  ion  on  hydrogen  permeation  is 
negligible  except  in  the  alkaline  solutions  at  the  higher  potentials  where  increasing  chloride 
concentration  significantly  decreases  permeation.  Thus,  especially  at  low  overvoltages  in  both 
solutions,  the  relation  between  overvoltage  and  permeation  is  not  disturbed  by  the  presence  of  Cl* 
ion  in  the  electrolyte  or  presumably  on  the  surface. 

The  surfaces  of  the  charged  membranes  were  analyzed  after  thorough  rinsing  in  doubly 
distilled  water  using  AES  and  XPS,  with  both  giving  similar  results.  The  AES  scans  show  the 
following:  (i)  absence  of  platinum  contamination  on  the  surface,  and  (ii)  a  chloride  level  on  the 
surface  which  is  very  low  and  independent  of  the  chloride  concentration  in  the  charging  solution, 
and  decreases  with  ion  bombardment.  There  were  no  Cl*  peaks  greater  than  the  contamination 
level  indicated  for  the  blank  (IN  H2SO4)  solution.  A  difficulty,  however,  exists  in  these  forms  of 
surface  analyses  in  that  chloride  may  be  removed  from  the  surface  by  the  beam  itself^ 30  To 
check  for  this,  the  beam  was  moved  from  position  to  position  on  the  surface  with  Cl  recorded  early 
in  the  scan  (usually  10  s);  the  level  of  Cl*  remained  essentially  unchanged. 
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DISCUSSION 

The  presence  of  Cl*  ions  in  the  electrolyte  facilitates  the  hydrogen  evolution  reaction  in  acid  as 
well  as  in  alkaline  solution  (Fig.  1).  The  magnitude  of  the  change  in  the  overpotential,  T[,  for 
hydrogen  evolution  with  increasing  Cl*  concentration  is  slightly  less  than  that  indicated  in  Fig.  1 
(change  of  E  at  constant  ic)  since  some  of  the  AE  is  due  to  the  change  in  the  potential  distribution 
across  the  double  layer.  The  latter  occurs  in  view  of  the  variation  in  ionic  concentration  and 
accompanying  redistribution  of  charge  in  the  double  layer  that  accompanies  the  addition  of  Cl*  ions 
to  the  bulk  solution.  Thus,  AE  =  Atj  +  where  AS,  is  the  change  in  potential  across  the  diffuse 
double  layer31.  The  latter,  in  addition  to  being  small  compared  to  AE  is  also  not  likely  to  account 
for  the  observed  change  in  permeation  (Fig.  2),  i.e.,  it  would  not  likely  produce  a  significant 
change  in  any  of  the  hydrogen  permeation  parameters  (hydrogen  coverage  or  the  rate  constants  of 
the  adsorption/absorption  reaction). 

A  widely  discussed  view  of  the  behavior  of  chloride  ions  is  that  they  interact  strongly  with 
the  iron  surface.  This  interaction  on  iron  and  other  metals  has  been  proposed  for  open  circuit  and 
anodic  polarization  conditions  to  be  in  the  form  of  adsorption  32,33,34  or  even  the  formation  of  a 
surface  complex35*36.  An  analysis  of  the  effect  of  Cl*  ion  on  the  entry  of  hydrogen  into  Fe  can 
begin  with  a  consideration  of  a  model  for  a  coupled  discharge-recombination  mechanism  of 
hydrogen  evolution  on  iron  given  by  Bockns  et  al. 1®.  These  authors  arrived  at  the  following 
limiting  relation  between  the  hydrogen  charging  current,  ic,  and  the  steady  state  permeation  current, 
ioo  which  holds  for  ip  « ic: 


i«>o 


ro  Kf  j_V/2. 1/2 

L  kUJ  c 


(la) 


In  the  general  case  one  has:37*38 
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\l/2 


•  =roKfn 

L  kIkJ 
which  hold  for  all  values  of  ip  and  ic. 


1/2 


(lb) 


where  F  is  the  Faraday  constant,  D  is  the  diffusivity  of  hydrogen  in  the  metal,  L  is  the  metal 
membrane  thickness,  it  and  fc  are,  respectively,  the  forward  and  the  backward  standard  rate 
constants  of  the  reaction 

Hads  (surface)  =  Hab  (lattice)  (2) 

R 


K  is  the  standard  rate  constant  and  ir  is  the  recombination  current  of  the  H2  formation  step.  The 
overall  h.e.r.  on  iron  in  acid  solution  is  given  by, 

H30+  +  e  — *  -  H2  +  H20  (3) 

The  first  step  in  this  reaction  is 

H30+  +  e"  K<->  Hads  +  H20  (4) 


which  is  followed  by  reaction  of  Hads  to  form  H2  molecules.  At  low  coverages  H2  is  likely  to 
form  by  the  chemical  path, 

(5a) 


although  the  electrochemical  path, 
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+  H30+  +  e"  H2  (5b) 

is  also  consistent  with  the  model.  There  are  several  assumptions  involved  in  arriving  at  Eq.  (la), 
namely  (i)  that  reaction  (2)  is  at  equilibrium  and  transport  through  the  membrane  controls  the 
permeation  rate;  (ii)  that  the  intermediate  Hads  involved  in  the  absorption  step,  Eq.  (2),  is  the  same 
one  involved  in  the  H2  formation  step,  Eq.  (5);  (iii)  a  low  hydrogen  coverage  and  (iv)  a  low 
solubility  of  hydrogen  in  the  metal.  Then,  i«, « ic  where 

ic  =  K0H  (6) 

and 

ic  =  Kd  aH30+  (1  -  ®H  -  0Cl)  exp  (-j}A<}>F/RT)  (7) 

The  coverage  quantities  0h  and  0ci  are  the  fractions  of  the  surface  covered  with  adsorbed 
hydrogen  and  chloride,  respectively;  Kd  is  the  rate  constant  of  reaction  (4);  aH30+  is  the  activity  of 

the  H3O  ion;  (3  is  the  symmetry  factor  of  the  activation  barrier  for  discharge;  A<p  is  the  potential 
difference  across  the  iron/solution  interface;  and  F,  R,  and  T  have  their  usual  meanings. 

The  straight  lines  which  pass  through  the  origin  in  Fig.  2  are  consistent  with  the  form  of  Eq. 
(la)  and  hence,  the  underlying  model.  It  is  also  clear  that  the  presence  of  Cl'  ion  causes  the 
following:  (i)  a  decrease  in  i«  at  the  same  ic,  and  (ii)  a  decrease  in  slope.  According  to  Eq.  (la), 
the  slopes  of  the  straight  line  segments  passing  through  the  origin  in  Fig.  2  are  given  by 

^■r  f  (r),s  (8) 

Consequently,  a  decrease  in  the  value  of  the  slope  can  be  brought  about  by  either  an  increase  in  the 
rate  constant  of  the  H2  formation  step,  K,  corresponding  to  a  decreased  0h  (Eq.  (6)),  and/or  a  shift 
in  the  equilibrium  of  reaction  (2)  to  the  adsorption  side.  A  decreased  overpotential  T|  at  constant 


charging  current  ic,  due  to  Cl*  ion  (Fig.  1),  is  consistent  with  an  increase  in  either  the  rate  constant 
of  the  discharge  reaction,  K<i,  or  the  activity  of  the  H30+  ion  (Eq.  (7))  in  the  case  of  low  total 
coverages. 

The  results  in  Figure  2  are  consistent  with  data  reported  by  various  groups  9»39.  In  contrast, 
permeation  of  hydrogen  increases  for  other  halogen  ions,  I*,  Br  10*12,17an(j  for  H2S  40,4 
although  H2S  behaves  similarly  to  Cl*  as  a  promoter  of  the  h.e.r. 4  M2. 

The  same  amount  of  G*  was  indicated  on  the  surface  after  charging  in  either  acid  or  alkaline 
solutions  of  different  Cl*  ion  concentration.  This  suggests  that  if  chloride  ion  is  adsorbing  in 
proportion  to  its  concentration  in  solution,  it  readily  desorbs  when  the  potential  changes  to  the  open 
circuit  value  or  when  the  membrane  contacts  a  less  concentrated  solution  (e.g.,  rinse  water).  This 
is  in  agreement  with  the  results  reported  by  Smialowska  et  al43,  who  observed  that  Cl*  ions  are 
rather  weakly  bonded  to  the  iron  surface  under  either  anodic  or  cathodic  polarization  conditions. 
The  same  may  be  said  for  S04=  which  is  present  to  an  even  lesser  degree  according  to  the  surface 
analysis  data.  Such  a  reversible  behavior  has  been  previously  observed  for  the  adsorption  of  Cl*  on 
Pt  using  a  radioactive  tracer  technique  32  and  on  iron  using  ac-impedance8.  Consequently, 
strong  or  preferred  adsorption  of  Cl*  may  not  be  occurring  in  which  case  the  concentration  of  Cl* 
ion  in  the  double  layer  becomes  the  important  factor  in  determining  the  kinetics  of  the  h.e.r. 

From  Fig.  3  it  is  seen  that  over  a  broad  region  of  low  overpotential,  hydrogen  permeation  is 
independent  of  the  Cl*  ion  concentration.  This,  in  turn,  implies  that  for  these  overpotentials  the 
coverage  of  hydrogen  is  not  a  function  of  Cl*  ion  concentration,  assuming  no  shift  in  the 
equilibrium  of  reaction  (2).  These  results  are  consistent  with  the  hypothesis  that  the  chloride 
coverage  is  not  very  high,  since  then  it  could  increase  with  an  increase  in  Cl*  concentration  in  the 
solution  without  affecting  a  low  hydrogen  coverage.  Combining  Eqs.  (6)  and  (7),  and  allowing  1- 
eH-0ci  to  approach  unity  corresponding  to  low  coverages  by  H  and  Cl*,  Eq.  9  is  obtained.10 

exp(-pr|F  /  2RT) 


eH  = 


AKdaH,Q* 

K 


(9) 
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Where  the  quantities  A  and  A<t>e  are  exp  (-pA<t>eF/RT)  and  the  potential  gradient  across  the 
iron/solution  interface  at  equilibrium,  respectively.  For  the  i«  data  in  Fig.  3  which  show  no 
dependence  on  Cl*  ion  concentration,  it  follows  that  the  tenm  in  brackets  in  Eq.  9  is  also 
independent  of  chloride  ion  concentration.  Thus,  the  rate  constants  of  the  discharge,  K<j,  and  H2 
formation,  K,  steps  respond  to  the  presence  of  chlorine  ion  in  a  coupled  manner,  i.e.,  each  (Kj  and 
K)  increases  equally  if  the  quantity  in  the  brackets  is  constant.  This  is  consistent  with  the  reported 
mechanism  of  the  h.e.r.  on  iron  in  acid10-44.  Actually,  they  increase  equally  with  increasing  Cl* 
content,  assuming  no  change  in  the  rate  constants  of  the  absorption/adsorption  step  (Eq.  2)  so  that 
a  constant  i»  means  a  constant  0. 

At  higher  overpotentials  in  Fig.  3  chloride  ion  does  have  an  effect  on  hydrogen  permeation 
especially  for  the  alkaline  solution,  causing  a  decrease  in  Uo.  Following  the  above  reasoning  the 
hydrogen  coverage  may  now  be  high  enough  (Eq.  9)  so  that  an  increase  in  <(>ci  (due  to  an  increase 
of  Cl*  ion  in  the  solution)  causes  a  decrease  in  4>h  and  a  resulting  decrease  in  w  Results  of 
others45*49  on  Pt  and  Pd  surfaces  show  a  similar  trend. 

The  transition  potential  between  the  presence  and  absence  of  a  Cl*  effect  for  alkaline  solutions 
in  Fig.  3  (about  -1.0  V  SHE)  corresponds  to  the  charging  current  at  which  the  inflection  occurs  in 
Fig.  2b.  The  inflection  occurs  at  a  less  negative  potential  the  higher  the  Cl*  concentration.  These 
inflections  are  similar  to  those  observed  by  others  in  the  presence  and  in  the  absence  of  various 
poisons,  e.g.,  CN*,  I*,  and  naphthalene10*17,  which  were  explained  in  terms  of  a  change  in  the 
mechanism  of  the  h.e.r.24.  A  similar  shift  to  less  negative  potentials  with  increasing  Cl* 
concentration  is  also  seen  in  the  data  when  compared  at  the  same  pH  of  McCafferty  and 
Hackerman50. 


CONCLUSIONS 

Increasing  Cl*  ion  concentration  in  IN  H2SO4  causes  an  increase  in  the  h.e.r.  and  a  decrease 
in  ioo  for  a  given  ic  but  no  significant  change  in  the  hydrogen  permeation  rate  at  constant  potential 


over  a  significant  potential  range  (especially  in  acid  solutions).  A  constant  permeation  rate  at 
constant  potential  is  indicative  of  a  weak  effect  of  Cl*  ion  on  hydrogen  coverage.  A  reversible 
adsorption  and  low  coverage  are  indicated  for  the  chloride  ion. 
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FIGURE  CAPTIONS 


1 .  Effect  of  Cl*  ion  on  the  Tafel  plots  of  the  hydrogen  evolution  reaction  at  the  charging  side  of  an 
iron  membrane. 

2.  Effect  of  Cl*  ion  on  the  steady-state  hydrogen  permeation  current,  ioo,  as  a  function  of  the 
square  root  of  the  charging  current,  ic-  (a)  Acid  solutions,  (b)  Alkaline  solutions. 

3.  Effect  of  Q*  ion  on  the  relation  between  the  steady-state  hydrogen  permeation  current  and 
electrode  potential  of  the  charging  surface  of  the  iron  membrane. 
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Abstract— This  paper  treats  the  effects  of  charge  and  mass  transport  limitations  on  the  distribution  of 
cathodic  and  anodic  reactions  on  the  flanks  of  environmentally  assisted  cracks.  Under  conditions  of 
cathodic  protection  of  the  metal  surface,  it  is  shown  that  the  presence  of  recesses  or  cracks  leads  to  significant 
changes  in  the  potential  and  ionic  concentrations  at  various  distances  into  the  cavity.  Consequently,  the  rate 
of  the  hydrogen  evolution  reaction  decreases  with  increasing  distance  into  the  cavity.  For  active  metals,  e.g. 
Fe  or  Ni,  metal  dissolution  occurs  with  progressively  increasing  rates  at  increasing  distance  into  the  crack. 
The  variations  of  these  cathodic  and  anodic  current  distributions  with  distance  within  the  crack  (or  with  the 
time  of  cracking)  depends  on  the  dimension  of  the  opening  of  the  crack  a,  the  diffusivity  of  the  hydrogen  ion, 
Z)H  * ,  and,  hence,  the  conductivity  of  the  electrolyte,  and  the  polarization  at  the  external  surface  of  the  metal, 
rj(0).  Analysis  of  the  migration-diffusion  problem  leads  to  the  development  of  a  characteristic  depth  given  by 
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where  cj,*  is  the  acid  concentration,  and  P  and  to  are  the  charge  transfer  coefficient  and  the  exchange  current 
density  of  the  hydrogen  evolution  reaction,  respectively.  Z  has  a  strong  effect  on  the  behavior  of  the  system. 


INTRODUCTION 

The  mechanism  of  environmentally  induced  cracking  of  metals  and  alloys  is  attracting 
ever-increasing  attention.  Several  conference  proceedings  and  review  articles  have 
been  published1-3  which  review  the  literature  and  project  the  present  state  of 
understanding  of  this  issue.  The  phenomenon  necessarily  involves  complex 
interactions  between  the  prevailing  environment  and  the  electrode  potential  at  the 
alloy  surface  with  its  microstructural  features  under  the  effects  of  stress.  It  is  now 
widely  recognized  that  the  chemical  and  electrochemical  conditions  within  cavities  or 
cracks  (and  actually  at  the  tip  of  such  cracks)  in  metals  and  alloys  are  different  from 
those  at  the  external  surface.4-6  Over  the  years,  this  recognition  led  to  the  evolution  of 
a  general  belief  that  the  anodic  and  the  cathodic  reactions  are  spatially  separated,  i.e., 
when  the  anodic  reaction  occurs  within  a  pit,  crevice  or  a  crack,  the  cathodic  reaction 
occurs  at  the  outer  surface  and  vice  versa.  This  assumption  has  been  frequently  used  in 
modeling  the  cracking  and  pitting  processes.7-9  It  will  be  shown  below  that  well- 
separated  anodic  and  cathodic  reactions  is  only  a  limiting  case  which  is  encountered  in 
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early  staees  of  crack  growth.  The  general  case  for  base  metals  involves  distributions  of 
both  the  anodic  and  cathodic  (hydrogen  evolution)  reactions,  with  various  intensities 
at  different  locations  on  the  internal  surfaces  of  the  cracks,  along  with  the  reduction  of 
an  oxidant  at  the  outer  surface  for  the  special  case  of  a  freeh  corroding  meta  .  This 
more  complicated  situation  is  a  result  of  the  combined  effects  of  the  po  en 
distribution  (77?)  down  the  crack  and  the  polarization  characteristics  of  the  particular 
system.  It  is  also  shown  that  at  a  later  stage  of  cracking  in  active  (base)  metals,  the 
situation  might  well  reach  the  other  limit,  i.e.  where  both  the  anodic  and  cathodic 
(hydrogen  evolution)  reactions  occur  simultaneously  at  the  same  place  and  at  the  same 
rate  deep  within  the  crack,  under  a  mixed  potential  established  by  the  particular  meta  / 

hvdroeen  evolution  system  existing  inside  the  crack. 

The  objective  of  this  paper  is  to  present  and  explore  the  relations  which  govern  e 
distributions  of  anodic  and  cathodic  reactions  on  the  internal  surfaces  of  cracks  that 
propagate  inward  from  the  sample  surface,  and  the  dependence  of  these  distributions 
on  crack  geometry,  the  electrochemical  parameters  of  the  system,  the  properties  of  the 
prevailing  environment  and  the  electrode  potential  at  the  alloy  surface^  These 
distributions  are  shown  to  vary  with  the  time  of  propagation  of,  and  the  distance 
within,  the  crack. 


Potential  drop  w  ithin  cracks:  causes  and  consequences 

When  a  cracked  metal  surface  is  held  under  a  certain  electrode  potential,  £(0),  the 
flanks  of  the  crack  are  usually  under  different  local  values  of  electrode  potential,  £(x), 
where  x  is  the  distance  into  the  crack.  Figure  1  illustrates  this  situation,  for  a 
rectangular  crack.10  The  magnitude  of  the  potential  difference  is  given  by 

A£(x)  =  £(0)  -  E(x)  =  (fix),  0) 

where  <f>(x)  is  the  local  galvani  potential  difference  in  the  electrolyte  which  fills  the 
crack,  i.e.  <H-v)  =  0  at  x  -  0.  The  magnitude  and  sign  of  A£(x)  depend  on  the  distance 
down  the  crack  x,  the  crack  opening  a,  the  magnitude  and  sign  of  the  current  density  at 
the  outer  surface  (is)  supported  by  the  potential  at  the  outer  surface,  £(0),  and  the 
resistivity  of  the  electrolyte  path  from  x  -  0  to  x.  This  potential  difference  occurs  m 
the  electrolyte  phase.  It  drives  the  ionic  current  through  the  resistivity  of  the  electrolyte 
path  within  the  crack.  This  ionic  current  is  equivalent  to  the  sum  of  the  faradaic 
currents  which  result  from  the  electrochemical  charge  transfer  reactions  occurring  on 
the  flanks  of  the  crack.  The  magnitude  of  this  potential  difference  is  given  by 

tp(x)  =  f  I(x)p(x) dx,  (2) 

Jo 

where  7(x)  is  the  local  ionic  current  density  flowing  in  the  x  direction  through  the 
electrolyte  that  fills  the  crack,  and  p(x)  is  the  local  resistivity  of  the  electrolyte  path  at 
x.  The  relation  between  £(x)  and  £(0)  is  given  by: 

£(.v)  =  £(0)  -  f  7(x)p(x) dx  (3) 

Jo 

Equation  (3)  is  written  such  that  the  ionic  current  density  7  has  a  positive  sign  for 
anodic  currents  and  a  negative  sign  for  cathodic  currents.  The  consequences  of 
equation  (3)  can  be  far-reaching,  depending  on  the  magnitude  of  the  77?  term.  For 


Reaction  site  distribution  during  cracking  1  1445 

instance,  under  the  local  potential  value  of  £(x),  one  or  the  other  of  the  following 
possibilities  occur: 

1.  The  current  density  i(x)  on  the  flanks  of  the  crack,  representing  the  rate  of  the 
half  cell  reaction  occuring  at  x,  becomes  significantly  different  (up  to  an  order  of 
magnitude)  from  that  at  the  external  surface,  is,  under  £(0).  The  local  current  density 
i(x)  may  be  greater  or  smaller  than  it  at  the  outer  surface,  depending  on  the  particulars 
of  the  system. 

2.  For  cracks  in  active  metals,  e.g.  Fe  or  Ni,  another  electrochemical  reaction  takes 
place  if  favored  by  its  polarization  behavior  and  the  local  value  of  £(.t).  In  that  respect, 
if  the  crack  tip  is  under  a  potential  £(.v),  it  might  well  encounter  electrochemical 
reaction(s)  different  in  nature  and  rate  than  those  occurring  at  the  outer  surface  of  the 
metal. 

■w 

Some  of  the  governing  equations  are  presented  below  and  are  used  to  illustrate  the 
distributions  of  anodic  and  cathodic  reaction  rates  at  different  distances  within  cracks 
under  cathodic  polarization  conditions.  The  effects  of  crack  geometry  (aspect  ratio, 
La  in  Fig.  1),  extent  of  polarization,  and  the  transport  properties  of  the  electrolyte 
on  these  distributions,  will  be  illustrated  and  discussed. 

The  test  system 

The  discussion  is  presented  below  for  a  system  of  iron  in  sulfuric  acid,  for  which  the 
computed  polarization  curve  is  shown  in  Fig.  2(a).  This  figure  was  constructed  using 
the  following  rate  equations  for  both  the  metal  dissolution  and  the  hydrogen  evolution 
reactions  (HER)  for: 


Fe(s)  -►  Fe(2a+q)  +  2e- 


(4) 


*Fe  =  /oFe[exp(ar/7>j(Fe)/6)  -  exp(-(  1  -  or)/i;?(Fe)/6)],  (5) 


Fig.  1 .  Model  of  a  crack  in  which  the  H  ER  occurs  on  the  outer  surface  ii%)  and  on  the  crack 
walls.  The  bulk  electrolyte  is  H  *  and  Y  “  and  the  outer  (v  =  0)  surface  conditions  are  E  (0) 

and  is. 
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where  iFe  is  the  metal  dissolution  current  per  unit  of  metal  surface  area,  »j(Fe)  is  the 
polarization  driving  the  metal  dissolution  reaction,  b  —  RT/F and  at,  n  and  i0Fe  are  the 
charge  transfer  coefficient,  the  number  of  electrons  and  the  exchange  current  density 
of  this  reaction,  respectively.  For  the  hydrogen  evolution  reaction,  i.e. 

2H+  +  2e-->H2(g),  (6) 

the  rate  is  given  by 

*'h  =  »0H[exp(-/ty(H)/6)  -  e*p(-(l  -  0)»?(H)/£>)],  (7) 

where  iH,  /oh.  P>  and  r/(H)  refer  to  the  current  density,  exchange  current  density,  charge 
transfer  coefficient  and  the  overpotential  (polarization)  driving  the  HER.  The 
polarization  curves  in  Fig.  2  were  computed  using  typical  values,  i.e.  /0Fe =  *oh  = 
10“6  A  cm"2,  b  -  an  -  0.5  and  £rev  (Fe/Fe2+)  =  -0.470  V(NHE)  which 
corresponds  to  0.1  M  Fe2+  ions.  The  £rev  (H2/H  +  )  was  taken  to  be  0.0V  (NHE),  i.e. 
pH  =  0.  With  this  form  of  equations  (5)  and  (7),  the  cathodic  polarization  has  a 
negative  sign  while  the  anodic  has  a  positive  sign.  Note  that  there  is  a  fairly  broad 
region  of  potential  over  which  reactions  (4)  and  (6)  occur  simultaneously  albeit  at 
different  rates.  In  principle,  this  range  extends  from  E„v(Fe/Fe!*)to  £tt,(H2/H*),i.c. 
from  —470  mV  (NHE)  to  0  mV  (NHE).  The  free  corrosion  potential  of  this  system  is 
the  potential  at  which  both  the  anodic  metal  dissolution  and  cathodic  hydrogen 
evolution  currents  are  equal.11 

The  corresponding  situations  for  Ni  and  Cu  are  shown  in  Figs  2(b)  and  2(c).  For 
Ni  the  potential  range  over  which  both  nickel  dissolution  and  hydrogen  evolution 
occur  simultaneously  (from  —280  to  0  mV)  is  much  less  than  in  the  case  of  Fe.  The 
case  of  Cu  represents  a  limit  in  that  both  the  anodic  copper  dissolution  and  cathodic 
hydrogen  evalution  reactions  cannot  occur  simultaneously.  In  fact,  they  are  separated 
by  about  350  mV  on  the  potential  coordinate.  These  figures  will  prove  to  be  most 
useful  in  a  discussion  of  the  significance  and  consequences  of  potential  shifts  within 
cracks. 


Transport  equations 

A  model  system  of  a  rectangular  crack  in  an  iron  surface  exposed  to  a  dilute  acid 
solution  is  considered.  Allowance  is  made  for  one-dimensional  mass  transport  by 
diffusion  and  ionic  migration  in  the  .x-direction  into  the  crack.  The  transport  relations 
of  dilute  electrolytes  are  used.  No  allowance  will  be  made  here  for  the  additional 
effects  of  hydrolysis  (localized  acidification)  or  complexation  of  metal  ions,  gas 
bubbles,  formation  of  salt  film,  etc.  However,  an  important  factor  which  has  been 
frequently  ignored  is  allowed  for,  i.e.  the  distribution  of  the  electrochemical  reactions 
on  the  walls  of  the  crack.  The  equations  are  formulated  assuming  a  pseudo-steady 
state.  This  assumption  is  justified  in  view  of  the  following  order  of  magnitude 
calculation.  Let  us  consider  that  the  crack  propagates  1  cm  in  107  s.  Then,  taking  an 
average  diffusivity  of  ions  within  the  electrojyte  of  D  ~10~5  cnrs"1,  the  root  mean 
square  displacement  during  this  time  is  v.x2  ~  y/l  x  10-5  x  107  ~14  cm.  Thus,  the 
rate  of  mass  transfer  (14  x  10“7  cm  s“ ')  is  much  faster  than  that  of  crack  propagation 
for  values  of  the  crack  propagation  speed  lower  than  10“ 7  cm  s“*. 

Performing  a  mass  balance,  on  the  various  ionic  species,  on  a  space  element  d.x.  as 
shown  in  Fig.  1.  one  obtains 
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JH-  — 


Jr 


r dc‘H4  ,  F  6<P\_Ih1 

-cH-[-dr+rH'Rrd.vJ  F  ■ 

(8) 

f dr,  •  F  dyfl 

---d>[-67'c’-rTTv\-°- 

(9) 

[drFe>  ,  .  £  M  h*'- 

d.x  +2fF,:*RTd.vJ  2F  ' 

(10) 

jfe'*  ~ 

where  the;  symbols  refer  to  the  ionic  fluxes  through  the  electrolyte  in  1 * 
function  of  distance  x,  c  and  D  refer  to  the  concentrat.on  and  diffusmty, respwti  e  y, 
of  the  various  ionic  species  and  f  is  the  potential  drop  into  the  crack  (equation  (1)). 
With  this  formulation  of  the  problem,  it  follows  that  f  >  0  for  »"^tc  po  anzattons 
a„d  a  <  0  for  cathodic  polarizations.  All  the  variables  in  equations  (8H> 2). 
randVvanhbles,  are  functions  of  distance,  x.  The  concentration  terms  are  also  subject 
to  the  electroneutrality  condition,  i.e., 

CH-  +  2cF,:-  =  c,- .  O') 

These  fluxes  are  supported  by  the  electron  transfer  reactions  taking  Placeonthe 
flanks  of  the  crack.  The  rates  of  these  reactions  are  related  to £ n'°“‘  ° 

electrode  potential  and  the  electrode  kinetics  of  the  particular  reaction  by  the  Butler 
Volmer  equation.  Considering  the  space  element,  dx  m  Fig.  1.  one  obtains 


d/H*  = 

=  ^i0H[exp(-^(H)/6)  -  exp(— (1  -  P)r){ H)/i)]dx 


and 


d/Fej*  =  ^/oFe[exp(am?(Fe)/6)-exp(-(l  -  a)m?(Fe)/6)]dx, 


(12) 


(13) 


where  P  and  »?(H)  are,  respectively,  the  ionic  current  density  resulting  from  the 
flow  of  H+  ions  within  the  electrolyte  that  fills  the  crack  in  the  .\  direction  (Fig.  1), 
charge  transfer  coefficient  of  the  HER  and  the  polarization  driving  the  HER 
Similarly,  /Fe2  +  ,  *  and  f/(Fe)  are  the  corresponding  parameters  for  the  metal 
dissolution  reaction.  The  polarizations,  »/(H)  and  >j(Fe),  are  given  by 

»7(H)  =  £(0)  -  <p(x)  +  0.059pH,  O4) 


.2+ 


). 


05) 


r?(Fe)  =  £(0)  -  <p(x)  -  £rev( Fe/Fe 

where  the  £rcv  (Fe/Fe2  + )  is  the  reversible  potential  of  iron  in  the  particular  medium. 

The  boundary  conditions  of  the  system  are  defined  in  terms  of  ionic  concentrations 
and  current  or  potential  at  the  external  surface.  Thus,  at  x  —  0, 

cFe:*  =  0,  cr  =  fH- 


=  c° 


(16) 
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and  at  £(0), 

/h  and  iVe  =  /(polarization  curves).  (17) 

There  are  now  six  equations  [(9>— (14)]  and  six  variables  (C«  + ,  cy-,  cpe:-,  At*»  he1* 
and  $). 

The  literature  has  no  reference  to  a  complete  solution  to  this  system  of  equations. 
Solutions  for  various  limiting  cases  have  been  reported.  Several  such  solutions 
assumed  passive  or  inert  flanks  of  the  cracks.  They  ignored  the  distribution  of  the 
electrochemical  reactions  on  these  flanks.7"9  Some  of  the  solutions  are  presented 
below  which  allow  for  these  distributions,  albeit  for  some  limiting  cases.  In  order  to 
bring  out  the  physical  significance  of,  and  the  inter-relationships  among,  the  various 
parameters  and  variables  of  the  system,  the  cases  where  analytical  solutions  to  the 
equations  were  obtained  are  discussed. 


Cathodic  polarization 

Under  conditions  of  cathodic  polarization  of  the  external  metal  surface  at  a 
potential  £(0)  which  supports  a  cathodic  current  (is)  at  the  outer  surface,  and 
assuming  that  only  the  HER  is  taking  place  within  the  crack,  the  system  is  governed 
only  by  equations  (8)  and  (9).  An  analytical  solution  to  this  system  is  available  in  the 
literature.10  The  potential,  ionic  concentration  and  current  distributions  are  given 
by:10 


cosh[(L  -  ,v)Z] 
cosh[I/Z] 


(18) 


c(.v)  as  c° 


cosh[(L  -  x)fZ] 
cosh[L/Z] 


(19) 


,  cosh[(L  - 
ls  cosh[I/Z] 


(20) 


where  L  is  the  crack  depth  and  Z  (in  cm)  is  a  characteristic  depth  given  by 

Z  =  [£Z>H‘cjW'<],/2-  (21) 

Note  that  the  characteristic  depth  Z  includes  the  system  parameters  relating  to:  (i) 
the  electrode  kinetics  and  potential  driving  the  HER  (via  zs  and  equation  (7)),~(ii)  the 
width  of  the  crack  opening  a,  which  determines  the  aspect  ratio  L  a~\  (iii)  the 
concentration  and  the  difTusivity  of  hydrogen  ions  in,  and  conductivity  of,  the 
electrolyte  (via  the  product  DH  +  c°H  ■  F).  It  will  be  shown  below  that  the  characteristic 
depth  Z  determines  the  behavior  of  the  system.  Note  also  that  the  current  t$  is  related 
to  the  potential  £(0)  at  the  external  surface  of  the  metal  through  equation  (7).  Upon 
substituting  for  zs  from  equation  (7)  (assuming  the  polarization  is  sufficiently  large  to 
ignore  the  reverse  reaction),  one  obtains 


'oh 


exp 


m  Q))' 
b 


1/2 


cm. 


(22) 


Thus,  a  decrease  in  the  magnitude  of  the  crack  opening  dimension  a  and/or  an 
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increase  in  the  magnitude  of  cathodic  polarization  fj(0)  which  drives  the  reaction  at  the 
external  surface  (and  which  has  a  negative  sign)  lead  to  a  decrease  of  the  value  of  Z.  A 
similar  characteristic  depth  Z  has  frequently  been  used  in  studying  the  current 
distributions  during  the  electroplating  within  cracks  or  scratches.1' 

For  the  sake  of  a  quantitative  calculation,  let  us  consider  the  case  of  an  iron  surface 
cathodically  protected  under  a  potential  of  —  0.5V  (NHE)  in  an  electrolyte  solution  of 
pH  =  3  at  25CC.  This  value  is  comparable  to  the  —0.8V  (Cu  CuS04)  which  is 
commonly  used  in  the  practice  of  the  cathodic  protection  of  steel.  Assuming  the 
transfer  coefficient  is  /?  =  0.5  and  the  exchange  current  density,  i'o,  of  the  HER  is 
10-8  A  cm-2,  it  follows  that  the  value  of  ts% 5.5 x  10-6  A  cm-2.  Using  values 
of  Z>h+  =  10-5  cm2s“\  c°=  10~6  mol  cm-3,  F  -  96487  C  eq" 1  and  a  =  10  2  cm, 
Z  =  0.042.  The  current  and  potential  distributions  under  various  conditions  for 
several  combinations  of  L  (from  10-3  to  1  cm)  and  Z  (from  0.004  to  0.04  cm)  have 
been  calculated.  The  results  are  presented  below. 

Figure  3  illustrates  the  potential  and  (cathodic)  current  distributions  within  cracks 
of  different  depths  ranging  from  L-  10  /tm  to  1  cm,  for  a  value  of  characteristic  depth, 
Z  =  0.04  cm.  The  distance  coordinate  uses  a  logarithmic  scale  to  accommodate  the 
broad  range  of  values  of  crack  length.  Furthermore,  it  gives  a  measure  of  the  cracking 
time.  Assuming  a  constant  value  of  the  crack  propagation  speed,  e.g.,  10" 7  cm  s“  , 
one  can  easily  calculate  the  cracking  time.  To  that  extent,  the  calculations  give  the  time 
variations  of  the  spatial  potential  and  current  distributions  on  the  flanks  of  the  crack. 
The  pH  within  the  crack  also  changes,  becoming  more  alkaline  with  distance  into  the 
crack  as  given  by  equation  (19).  If  the  aspect  ratio  is  favorable  for  formation  of  Fe2  + 
ions,  the  pH  will  rise  to  a  limiting  value  which  is  the  equilibrium  pH  of  the  hydrolysis 
reaction  as  discussed  elsewhere.13 
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Fig.  3.  Potential  and  HER  current  distributions  within  cracks  of  various  depths  for  a  value 
of  the  characteristic  depth  Z  =  0.04  cm  during  cathodic  polarization  of  the  iron  surface  (see 

text). 
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Figure  3  reveals  that  as  the  distance  within  the  crack  (or  the  cracking  time) 
increases,  the  local  cathodic  (HER)  current  density  decreases  while  the  magnitude  of 
the  galvani  potential  difference  in  the  electrolyte,  <f>(x),  increases.  Since  <f>(x)  is 
negative,  equation  (1 )  requires  that  the  local  electrode  potential  £(x),  shifts  in  the  (less 
negative)  more  noble  direction  with  increasing  distance  into  the  crack.  Two  potential 
scales  are  used  on  the  right  coordinate  of  Fig.  3;  one  for  the  IR  drop  in  the  crack 
electrolyte,  4>(x),  and  the  other  for  the  local  electrode  potential,  E(x).  As  the  distance 
within  the  crack  increases  (for  constant  Z),  the  magnitude  of  <f>(\)  increases  (while  <f>(x) 
is  negative  in  value),  i.e.,  there  is  a  greater  shift  of  the  local  potential  £(x)  in  the  more 
noble  (less  negative)  direction.  No  iron  dissolves  as  long  as  £(x)  is  negative  of  £rev  (Fe/ 
Fe2+),  which  is  —0.470V  (NHE)  for  the  present  case  while  hydrogen  is  evolved 
profusely  under  this  potential.  As  £(x)  becomes  equal  to  or  positive  of  £rev  (Fe/Fe2 + ), 
iron  dissolution  occurs  along  with  hydrogen  evolution,  at  rates  dependent  on  the 
position  of  £(x)  on  the  potential  coordinate  in  Fig.  2.  As  £(x)  shifts  further  towards 
less  negative  values,  j'h(.x)  decreases  while  »>e(x)  increases  gradually.  At  the  limit  of  iH 
(.x)  =  zFe  (x)  the  value  of  £(x)  equals  the  free  corrosion  potential  of  the  system  existing 
inside  the  crack,  as  shown  in  Fig.  2.  One  can  easily  use  equations  (5)  and  (7)  to 
calculate  i'H  (x)  and  zFe(.x),  respectively,  at  various  distances  into  the  crack. 

Figure  3  shows  that  under  these  conditions  iron  dissolution  occurs  at  distances 
into  the  crack  of  x  >  0.04  cm,  i.e.,  400  /zm.  Thus,  for  cracks  of  L  =  10  or  100  /zm  depth 
under  the  present  conditions  (i.e.,  a  -  10-2  cm,  £(0)  «  -0.5V  (NHE),  the  entire 
depth  of  the  crack  will  be  cathodically  protected  (see  below  for  a  10_2cmor£(0)  < 
-0.5V  (NHE)).  On  the  other  hand,  for  a  crack  of  0.1  cm  depth  (1000  /zm),  only  the  top 
60%  of  its  flanks  will  be  under  cathodic  protection.  The  bottom  40%  will  be 
undergoing  simultaneous  anodic  dissolution  and  hydrogen  evolution  at  rates  which 
are  dependent  on  distance,  as  discussed  above.  Alternatively,  for  a  1  cm  deep  crack, 
only  the  top  4%  of  its  depth  is  under  cathodic  protection  while  the  rest  is  undergoing 
anodic  dissolution.  Using  the  £(x)  value  calculated  from  equation  (1)  and  a 
knowledge  of  the  active/passive  behavior  as  a  function  of  pH,  it  can  be  determined  if 
the  anodic  metal  dissolution  undergoes  active  or  passive  dissolution  as  a  function  of 
distance  into  the  crack  (or  cracking  time),  as  reported  elsewhere  for  crevice 
corrosion.14 

Figures  4  and  5  illustrate  the  effects  of  one  order  of  magnitude  decrease  in  Z,  i.e., 
for  Z  =  0.004  cm.  This  decrease  in  Z  was  brought  about  in  two  different  ways,  i.e.,  by 
decreasing  a  from  10-2  to  10“4cm  in  Fig.  4,  keeping  £(0)  =  —0.500V  (NHE)  and  all 
other  parameters  constant.  Fig.  4;  and  by  changing  £( 0)  from  -0.50  to  -0.72  (NHE) 
while  keeping  a  =  10  ~2  cm  and  the  other  parameters  constant,  Fig.  5.  For  the  case  of  a 
=  10-4cm  in  Fig.  4,  the  distance  beyond  which  iron  dissolution  occurs  becomes  much 
shorter,  being  in  this  case  only  about  0.004  cm.  i.e.  40  /zm,  Under  this  condition  iron 
dissolution  occurs  at  distances  greater  than  40  /z m.  Consequently,  for  any  crack  of  a 
depth  less  than  40  /zm  (for  the  conditions  of  Fig.  4),  the  entire  crack  depth  will  be  under 
cathodic  protection.  Similarly,  for  the  conditions  in  Fig.  5,  cracks  will  be  fully 
protected  if  less  than  400  /zm  in  depth.  Conversely,  for  a  1  cm  deep  crack,  only  the  top 
4%  of  its  depth  will  be  under  cathodic  protection  while  its  interior  (96%  of  its  depth) 
will  be  involved  in  anodic  dissolution. 

For  very  narrow  cracks  (a  =  IO0Aand£(0)  =  -0.5  (NHE))  only  the  top  1.6/zmof 
cracks  of  any  depth  will  be  under  cathodic  protection,  the  rest  being  involved  in  anodic 
dissolution. 


Dimensionless  current  iH+  { x )  ig*  Dimensionless  current  iH*  (  x )  *s 
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Fig.  4.  The  effect  of  the  decrease  in  crack  opening  dimesion  a  on  the  potential  and  current 
distributions  for  the  conditions  in  Fig.  3. 


Fig.  5.  The  effect  of  the  decrease  in  cathodic  polarization  at  the  outer  surface,  £(0),  on  the 
potential  and  current  distributions  for  the  conditions  in  Fig.  3. 


Local  potential, EU). mV  (NHE1  Locol  potentioI.El x).mV INHE) 
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CONCLUSIONS 


The  present  analysis  of  the  diffusion-migration  problem  within  environmentally 
assisted  cracks  leads  to  the  following  conclusions: 

1.  The  current  and  potential  are  non-uniformly  distributed  within  cracks.  A 
characteristic  depth  Z  was  derived  which  combines  the  important  parameters  of  the 
system,  and  affects  these  distributions, 


z  =  [FDH1c^1a 
ion 


exp 


)l/i  cm. 


2.  For  conditions  of  cathodic  polarization  at  the  external  metal  surface,  the 
potential  within  the  crack  shifts  in  the  noble  direction  towards  a  limiting  value,  as  a 
result  of  the  potential  shift  ( IR )  mechanism.  The  nature  of  this  limiting  value  of 
potential  is  different  for  active  than  for  noble  metals. 

3.  This  potential  shift  leads  to  significant  decreases  in  the  rate  of  hydrogen 
evolution  on  the  flanks  of  the  crack. 

4.  For  active  metals,  the  potential  shift  may  become  sufficiently  large  to  promote 
anodic  dissolution  within  the  crack  even  though  the  external  metal  surface  is  under 
cathodic  protection. 

5.  The  most  general  case  involves  nonuniform  distributions  of  both  the  cathodic 
and  anodic  reactions  on  the  flanks  of  cracks. 

6.  An  initial  crack  in  an  active  metal  may  remain  under  cathodic  protection  until  its 
aspect  ratio,  L  a~ 1  or  depth  L  (for  a  constant  opening  dimension  a)  reaches  a  certain 
critical  value  when  the  potential  at  L  shifts  to  the  region  of  metal  dissolution.  This 
critical  depth  depends  on  the  value  of  a,  the  properties  of  the  environment  and  on  the 
polarization  at  the  metal  surface  through  the  characteristic  depth  Z. 
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Hydrogen  Evolution  and  Absorption  within  Grain 
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ABSTRACT 

This  paper  presents  evidence  for  the  electrolytic  generation  of  hydrogen  within  the  grain  boundary  grooves  of  a  sensitized  430  stainless 
steel  membrane  while  both  of  the  sample's  outer  surfaces  are  anodically  polarized  with  respect  to  the  hydrogen  evolution  reaction  (HER). 
Tim  grooves  nro  formed  by  the  nnodic  dissolution  of  the  chromium  depleted  zone  adjacent  to  the  precipitated  chromium  carbides.  Hydrogen 
nhsoiptlon  Is  shown  to  occur  from  within  the  stool  using  the  Dnvntmlhnn  Stnchurskl  hydrogen  pormontlon  cell  This  result  Is  consistent  with 
omllor  nhsotvetlons  of  gns  evolution  from  within  grnln  boundary  grooves  It  follows  Hint  the  locnl  electrode  polnntlnls  Inside  the  grooves  are 
consfdoinhty  loss  noble  It  inn  those  applied  nt  the  outer  surfnces.  An  IM  |>ntnntin!  shift  mechnnlsm  explains  the  insults. 


Introduction 

Recent  studies  on  the  formation  of  grain  boundary  grooves  dur¬ 
ing  anodic  polarization  of  sensitized  430  stainless  steel  (430  SS) 
have  shown  that  a  gas  forms  and  evolves  out  of  the  grain  boundary 
grooves.17  The  formation  of  the  gas.  presumably  hydrogen,  was 
attributed  to  the  existence  of  thermodynamically  favorable  poten¬ 
tials  that  are  established  by  a  large  IR  drop  within  the  electrolyte 
filling  the  grain  boundary  groove.7  In  this  explanation  the  IR  drop 
shifts  the  local  electrode  potential  within  the  grooves  into  the  region 
of  Hie  tiydrogn  evolution  reaction  (I  IFR).*4  If  the  gas  is  proved  to  be 
hydrogen,  Its  observation  can  be  taken  as  a  proof  of  the  presence 
of  a  large  potential  drop  within  the  grooves.  Gas  has  also  been 
observed  evolving  out  of  pits*  and  crevices4  in  iron.  In  the  pitting 
investigation  *  the  gas  emanating  from  the  pits  was  found  to  be 
hydrogen  by  analysis  in  a  mass  spectrometer. 

The  purpose  of  this  work  Is  to  determine  (r)  Whether  the  elec- 
trolytically  produced  gas  within  the  grain  boundary  grooves  is 
hydrogen  and  («)  whether  this  source  of  hydrogen  can  lead  to  the 
absorption  of  hydrogen  into  the  metal  and  its  subsequent  embrittle- 
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Fig.  1.  Measured  anodic  polarization  curve  for  sensitized 
type  430  stainless  steel  in  1  WH,S04,  and  a  scheme  of  the  HER 
curve. 
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mont.  This  was  donn  try  detecting  the  presence  of  hydrogen  In  the 
metal  using  the  Devanathan-Starchurski  celf  with  both  of  the  mem¬ 
brane  surfaces  maintained  synodic  potentials  which  prohibit  the 
HER.  Answers  to  these  questions  are  important  as  they  point  to 
the  possibility  of  hydrogen  embrittlement  of  steels  under  anodic 
protection. 

Experimental 

Membranes  of  430  SS  [weight  percent  (w/o)  CM  6.46,  C-0.055, 
Mn  O.48,  Mo-0.024,  N-0.017,  Ni-0.32,  P-0.035,  S-0.004,  Si-0.36, 
Pe-balance]  were  cold  rolled  to  the  desired  thickness  and  solution 
annealed  at  1200T;  for  1  li  and  ice  water  quenched.  Sensitization 
was  induced  by  heating  at  550"C  for  2  h  followed  by  an  ice  water 
quench. 

A  Devanathan-Starchurski  celf  was  used  to  detect  any  etec- 
trolyticatly  produced  hydrogen  that  may  have  entered  the  metal 
from  within  the  grain  boundary  grooves.  An  area  of  0  8  cm7  of  each 
surface  of  the  membrane  was  exposed  to  the  electrolyte.  The 
"charging*'  side  of  the  membrane  (in  celt  1)  was  anodically  polarized 
using  a  polentiostat  to  a  potential  of  192  mV  (NHE)  In  deaerated 
1  A/H?SD4  (pH  -  0.36).  A  saturated  calomel  electrode  was  used  as 
the  reference  electrode  In  cell  1  along  with  an  agar  salt  bridge  to 
prevent  the  contamination  of  the  electrolyte  with  chloride  ions. 

The  "exit"  surface  of  the  membrane  (in  cell  2)  was  coated  with  Pd 
to  protect  the  underlying  membrane  and  to  oxidize  the  hydrogen 
which  reaches  this  surface.  An  acid  solution  composed  of  1  N 
Hj,S04  i  3x10  A  M  KnFe(CN)ft,  was  used  in  cel!  2  instead  of  the 
normally  used  basic  solution.  The  potassium  ferricyanide  was 
added  to  the  "exit"  solution  to  detect  soluble  ferrous  ions.  If  the 


Fig.  2.  Measured  hydrogen  permeation  current  at  the  Pd- 
coated  "exit”  surface  for  a  membrane  with  both  of  its  surfaces 
anodically  polarized  with  respect  to  the  HER.  E^,,  =  192  mV 
and  E^  =  642  mV  (NHE). 

142,  No.  10,  October  1995  ^  Th*>  Electrochemical  Society.  Inc 


J.  Electrochem.  Soc.,  Vol.  142,  No.  10,  October  1995  &  The  Electrochemical  Society,  Inc. 


LI  99 


Fig.  3.  Cross-sectional  optical  micrograph  showing  an  ex¬ 
ample  of  groove  formation  that  established  a  sufficiently  large 
IR  drop  for  the  occurrence  of  the  HER  inside  the  groove. 


grain  boundary  grooves  that  form  on  the  “charging1'  surface  (cell  1 ) 
continue  to  grow,  eventually  penetrating  the  sample  thickness,  the 
iron  dissolving  in  the  groove  would  be  detected  as  prussian  blue 
spots  formed  by  the  reaction  between  the  ferrous  and  ferricyanide 
tons.6  The  "exit"  surface  was  continuously  monitored  for  prussian 
blue  spots  using  a  mirror  placed  in  cell  2  and  a  high  intensity  light 
source.  A  Hg/Hg2S04  electrode  was  used  to  maintain  the  potential 
of  the  Pd-coated  surface  of  the  membrane  (cell  2)  at  642  mV 
(NHE).  This  value  was  chosen  so  that  even  if  the  Pd  layer  did  not 
fully  protect  the  steel,  both  the  Cr-depleted  and  the  bulk  alloy  would 
be  passivated  while  ensuring  complete  oxidation  of  any  hydrogen 
atoms  arriving  at  the  Pd-coated  "exit"  surface.  The  background 
currents  obtained  in  cell  2  remained  steady  for  up  to  48  h  at  a  level 
of  £0.02  piA  cm-2.  Two  Wenking  75  LB  M  potentiostats  were  used 
to  control  the  potentials  on  either  side  of  the  membrane.  Purified 
argon  gas  was  used  to  deaerate  the  cell  compartments.  The 
measurements  were  performed  at  25  ±  2°C.  Further  details  about 
the  cell,  equipment,  and  procedures  are  reported  elsewhere.7,8 

Results  and  Discussion 

Figure  1  shows  the  measured  anodic  polarization  curve  of  the 
sensitized  stainless  steel  in  1  N  H2S04.  The  figure  shows  a  sec¬ 
ondary  anodic  maximum  just  to  the  left  of  the  192  mV  (NHE)  ap¬ 
plied  potential.  The  double  peak  is  attributed  to  the  superposition  of 
two  anodic  currents,  one  from  the  bulk  alloy  (on  the  left)  and  the 
other  from  the  very  narrow  (<|im)  chromium-depleted  zone  along 
the  grain  boundary.  The  surface  of  the  sensitized  steel  in  cell  1  was 
maintained  at  192  mV  (NHE)  in  order  to  form  the  grain  boundary 
grooves  by  dissolution  of  the  Cr-depleted  zones.  This  potential  is 
about  200  mV  more  noble  than  the  equilibrium  potential  of  the  HER 
In  the  1  N  H2S04  solution.  Details  of  the  metallography  character¬ 
ization  of  these  grooves  are  reported  elsewhere.8 

Figure  2  shows  the  hydrogen  permeation  transient  observed  for 
a  0.037  cm  thick  sensitized  430  SS  membrane  whose  surface  in 
cell  1  was  anodically  polarized  at  192  mV  (NHE).  Three  different 
stages  can  be  identified  in  the  transient.  In  the  first  stage,  that 
lasted  about  900  min,  no  permeation  current  could  be  detected,  as 
we  measured  only  a  steady  background  current  of  -0.02  jiA  cm  2. 
The  duration  of  this  stage  is  normally  defined  as  the  breakthrough 
time,  beyond  which  hydrogen  permeation  is  detected.  In  the  sec¬ 
ond  stage,  that  lasted  -270  min,  a  small  net  permeation  current 
was  detected.  In  the  final  stage  the  permeation  current  showed  an 
exponential  increase.  During  the  first  and  second  stages  no  Prus¬ 
sian  blue  spots  were  observed  on  the  "exit"  surface.  A  localized 
blue  spot  became  visible  on  the  Pd-coated  membrane  surface  in 
cell  2  during  the  final  stage  of  the  transient  at  1 170  min.  The  general 
behavior  shown  in  Fig.  2  was  observed  in  more  than  10  samples, 
with  thicknesses  of  0.037  or  0.055  cm.  Both  the  breakthrough  time 
and  the  time  to  observe  the  blue  spot  increased  considerably  for  the 
thicker  membrane.  Example  times  obtained  for  the  0.055  cm  thick 
membrane  amounted  to  2460  and  3700  min,  respectively.  These 
are  to  be  compared  with  900  and  1170  min  for  the  0.037  cm  thick 
membrane. 

Figure  3  shows  a  cross-sectional  micrograph  of  another  mem¬ 
brane  (0.037  cm  thickness)  polarized  at  192  mV  (NHE)  in  cell  1. 


The  experiment  was  stopped  after  a  net  permeation  current  of  0.05 
*lA  was  recorded  in  cell  2.  It  is  clear  that  the  grain  boundary 
grooves  that  form  on  the  surface  in  cell  1  penetrate  only  part  of  the 
thickness  of  the  membrane.  The  deepest  grain  boundary  grooves 
observed  in  other  regions  of  this  sample  extended  approximately 
halfway  across  the  thickness  of  the  membrane.  No  blue  color  was 
observed  on  the  "exit"  surface  in  cell  2  during  the  test.  This  is 
consistent  with  the  observation  that  the  grain  boundary  grooves 
extended  only  part  way  through  the  sample  thickness  at  the  time 
the  test  was  discontinued.  This  micrograph  is  typical  of  all  of  the 
samples  in  which  the  experiment  was  interrupted  during  the  second 
stage  of  the  transient  except  that  the  depth  of  the  penetration  of  the 
grain  boundary  grooves  varied  from  sample  to  sample,  being 
deeper  the  longer  the  time  of  the  test. 

The  permeation  transient  shown  in  Fig.  2  is  substantially  different 
from  those  normally  recorded  under  conditions  of  cathodic  hydro¬ 
gen  charging  of  the  external  surface  of  a  membrane,6  7  where  one 
obtains  an  s-shaped  curve  with  a  diffusion  limited  plateau.  Under 
such  conditions,  the  breakthrough  time  is  given  by5  4  =  L2/15.30. 
Taking  a  value®  of  0  -  10  8  cm2  s"\  and  L  =  0.037  cm,  one  obtains 
4  =  1 50  min.  This  value  is  much  shorter  than  the  900  min  measured 
in  Fig.  2,  which  indicates  that  hydrogen  permeation  through  the 
membrane  is  faster  than  the  propagation  of  the  grooves.  The  pro¬ 
gressively  increasing  rate  of  hydrogen  permeation  in  Fig.  2  points 
to  the  generation  of  hydrogen  at  ever  increasing  penetrations  and 
surface  areas  within  the  grain  boundary  grooves.  As  the  grooves 
penetrate  deeper  into  the  membrane  thickness,  the  hydrogen  gen¬ 
erated  and  absorbed  within  the  steel  has  to  diffuse  a  shorter  dis¬ 
tance  to  reach  the  Pd-coated  surface  and  be  detected. 

The  breakthrough  time  observed  in  region  1  is  the  sum  of  two 
components  associated  with  the  various  processes  forming  the 
operating  mechanism,  /. a,  (/)  The  time  required  to  dissolve  the 
Cr-depleted  zone  and  to  generate  grain  boundary  grooves  of  suffi¬ 
cient  depth-to-opening  dimensions  (aspect  ratio)  to  set  up  suffi¬ 
ciently  large  ohmic  potential  drops  within  the  grooves  so  that  the 
HER  and  hydrogen  absorption  could  take  place10  and  (//)  The  time 
taken  for  the  hydrogen  absorbed  in  the  metal  lattice  to  diffuse  from 
the  location  where  it  was  absorbed  (within  the  grain  boundary 
groove,  cell  1)  to  the  Pd  coated  "exit"  surface  of  the  membrane 
where  it  is  oxidized  (cell  2).  The  above  components  of  this  break¬ 
through  time  cannot  be  easily  separated,  even  though  each  of  them 
is  associated  with  a  distinct  process. 

The  above  results  indicate  that  hydrogen  is  generated  within  the 
grain  boundary  grooves  even  though  the  external  surface  of  the 
sample  is  about  200  mV  more  noble  than  the  equilibrium  potential 
of  the  hydrogen  evolution  reaction  in  the  bulk  electrolyte.  The  actual 
potential  drop  through  the  electrolyte  filling  the  grooves  is  greater 
than  200  mV  in  view  of  the  resulting  changes  in  the  composition  of 
the  electrolyte  within  the  grooves.  It  must  be  noted  that  great  care 
was  taken  to  exclude  Cl  ions  from  the  system.  For  bulk  elec¬ 
trolytes  of  pH  values  >2,  localized  acidification  occurs  within  the 
groove  as  a  result  of  the  hydrolysis  of  the  metal  ions  produced  by 
the  reaction,  which  maintains  the  pH  at  about  2.2  On  the  other  hand, 
for  more  acidic  bulk  electrolytes  (pH  <2),  the  potential  gradient 
prevailing  within  the  grooves  requires  a  decrease  in  the  acid  con¬ 
centration  (an  increase  in  pH)  inside,  than  outside,  the  groove.3,11 
The  limiting  value  of  the  pH  within  the  groove  is  about  2  as  deter¬ 
mined  by  the  hydrolysis  of  the  metal  ions.2  This  difference  in  pH 
(from  the  bulk  solution  value)  shifts  the  equilibrium  potential  of  the 
HER  by  -100  mV  in  the  loss  noble  direction.  Consequently,  the 
actual  IR  drop  needed  lo  cause  the  HER  to  occur  within  the  grooves 
is  >300  mV.  This  magnitude  of  IR  drop  is  in  agreement  with  IR  drops 
that  have  been  reported  for  highly  constricted  regions,  filled  with 
highly  conducting  electrolytes.  15  Other  results  showing  compara¬ 
ble  or  even  greater  potential  drops  in  the  grain  boundary  groove(s) 
observed  in  this  work  are  reported  elsewhere.8 16 

An  estimate  of  the  potential  drop  in  the  present  system,  using  the 
results  of  measurements  and  modeling10 17  of  the  potential  distribu¬ 
tion  within  constricted  regions,  supports  the  above  mentioned  mag¬ 
nitude  of  IR  drop.  From  SEM  micrographs8  of  the  steel  surface 
polarized  at  192  mV,  the  opening  dimension  of  the  grooves  was 
measured.  From  the  model10 17  a  potential  drop  of  300  mV  in  1  N 
H2S04  requires  an  aspect  (depth/opening)  ratio  of  about  2.5  for  the 
size  of  the  active  peak  in  Fig.  1 .  Greater  potential  drops  are  ob¬ 
tained  in  electrolytes  of  greater  resistivity,  larger  active  peak  size 
and/or  in  cavities  of  larger  aspect  ratio,  i.e.,  greater  depth  or  nar¬ 
rower  opening.1013  The  largest  opening  of  the  grooves  in  the 
present  work  is  of  the  order  of  microns  and  some  of  the  grooves 
penetrated  halfway  through  the  sample  thickness,  i.e.,  0.018  cm. 
This  corresponds  to  an  aspect  ratio  of  about  180,  which  is  far 
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greater  than  the  2.5  aspect  ratio  required  for  a  potential  shift  of  300 
mV  for  this  particular  metal/electrolyte  system.  This  indicates  that 
an  IR  drop  of  300  mV  occurs  for  a  much  smaller  depth  than  0.018 
cm.  The  possibility  of  constrictions  of  the  current  path  caused  by 
gaseous  or  solid  reaction  products  within  the  groove  would  effec¬ 
tively  decrease  the  opening  dimension  and  produce  a  300  mV 
potential  drop  at  an  even  shallower  depth. 

Conclusions 

1 .  The  detection  of  a  hydrogen  permeation  current  from  samples 
whose  outer  surfaces  were  potentiostated  at  anodic  potentials 
proves  that  the  local  electrode  potential  Inside  the  anodlcally  pro¬ 
duced  grain  boundary  grooves  had  shifted  more  than  300  mV  In  the 
less  noble  direction  Into  the  potential  regime  of  the  HER.  Further¬ 
more,  this  result  demonstrates  that  the  occurrence  of  the  HER 
within  the  groove  can  lead  to  the  absorption  of  hydrogen  Into  the 
metal,  which  Is  a  precursor  to  hydrogen  embrittlement. 

2.  The  grooves  form  by  the  dissolution  of  the  chromium  depleted 
zone  adjacent  to  the  precipitated  chromium  carbides  In  the  sensi¬ 
tized  stainless  steel.  For  a  depth-to-openlng  dimension  (aspect 
ratio)  of  the  grain  boundary  groove  that  produces  a  sufficiently 
large  IR  drop,10  both  the  HER  and  hydrogen  absorption  occur  at 
that  depth.  The  absorbed  hydrogen  diffused  to  the  outer  surfaces 
Including  the  "exit"  surface  (cell  2)  where  Its  arrival  was  detected  by 
the  oxidation  current  in  cell  2.  The  formation  of  the  grooves  con¬ 
tributed  to  the  measured  breakthrough  time  for  arrival  of  the  inter¬ 
nally  generated  hydrogen  at  the  "exit"  surface  of  the  membrane. 
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ABSTRACT 

Growth  of  artificial  pits  in  the  Ni/sulfuric  acid  system  was  investigated  using  a  microprobe  technique  for  the  potential 
monitoring  and  pH  measurements  within  the  pits,  as  well  as  routine  electrochemical,  solution  analysis,  and  metallographic 
techniques.  The  measured  data  and  the  observed  changes  in  shape  of  the  pit  with  time  demonstrate  that  the  IR  voltage  drop 
mechanism  of  localized  corrosion  operates  for  this  system.  Experimental  results  are  in  good  agreement  with  the  results  of 
mathematical  modeling.  It  is  also  found  that  the  increase  in  Ni*4  ions  and  in  pH  within  the  pit  have  a  destabilizing  effect 
on  the  pit  growth  process  and  that  this  effect  can  be  explained  within  the  framework  of  the  IR  voltage  drop  mechanism. 


Introduction 

In  our  previous  work  on  the  crevice  and  pitting  corrosion 
of  iron,1*7  the  voltage  drop  (IR)  mechanism  was  proven  be¬ 
yond  a  reasonable  doubt  to  operate  in  localized  corrosion. 
Some  data  were  also  presented  which  indicated  how  the  IR 
concept  coupled  with  a  change  in  the  polarization  curve 
could  explain  the  roles  of  pH,  chloride  ion,  and  inhibitor 
ions  (chromate)  in  modifying  the  tendency  for  localized 
corrosion.3*5  The  basic  feature  of  the  IR  mechanism  is  that 
the  local  electrode  potential  inside  the  crevice/pit  is  less 
oxidizing  than  the  passive  value  at  the  outer  surface  and  is 
in  the  active  region  of  the  polarization  curve  of  the  cavity 
electrolyte.  In  this  way  the  metal  dissolves  at  a  high  rate  in 
the  crevice  (pit)  but  only  at  a  very  low  passive  rate  on  the 
outer  surface  where  the  cathodic  reaction  occurs.  This  sep¬ 
aration  of  anode  and  cathode  and  the  existence  of  an  active 
peak  in  the  polarization  curve  of  the  cavity  electrolyte  en¬ 
ables  the  IR  mechanism  to  operate. 

The  voltage  drop  framework  of  localized  corrosion  is 
very  powerful  since  it  can  readily  form  the  basis  of  predic¬ 
tive  models.  The  first  of  these  models  successfully  pre¬ 
dicted  susceptibility  as  a  function  of  cavity  dimensions  for 
crevice  corrosion*  and  for  pitting  corrosion  in  artificial 
pits7  for  iron  in  a  buffered  pH  4.7  solution.  The  models  have 
also  shown  that  an  important  consequence  of  an  IR  model 
is  that  the  IR  concept  scales  down  in  size  so  that  the 
smallest  pit  at  the  earliest  stage  of  pitting  can  have  the 
same  IR  drop  as  a  larger  pit  at  a  later  stage.7  This  is  a 
consequence  of  their  aspect  ratios  (pit  depth  to  radius)  be¬ 
ing  the  same.*'9  As  such  the  IR  criterion  can  form  the  basis 
for  the  transition  from  metastable  to  stable  pitting.7 

In  the  present  paper,  experimental  and  mathematical 
modeling  results  are  presented  for  the  growth  of  artificial 
pits  in  pure  nickel  exposed  to  IN  sulfuric  acid  (pH  0.5)  in 
order  to  study  the  role  of  the  IR  drop  in  the  absence  of  local 
acidification  and/or  chloride  ion  accumulation  in  the  pit. 
The  results  demonstrate  that  the  IR  drop  mechanism  is  op¬ 
erating  in  the  Ni/sulfuric  acid  system.  It  is  also  shown  by 
the  present  work  that  the  stability  of  the  pitting  process, 
the  buildup  of  the  corrosion  products  in  the  pit  solution, 
specifically  Ni2*  ions,  and  the  pH  are  different  for  pits  fac¬ 
ing  upward  vs.  downward.  For  pits  facing  upward  the  Ni“* 
ion  concentration  and  pH  both  increase.  This  causes  the 
size  of  the  active  peak  of  the  polarization  curve  to  drasti¬ 
cally  decrease  resulting  in  a  change  in  the  IR  condition 
which  is  consistent  with  the  observed  destabilization  of  the 
pitting  process  with  increasing  time. 

*  Electrochemical  Society  Active  Member. 
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Experimental 

Nickel  (99.6%)  specimens  of  20  X  7  X  3  mm  and  20  X 
10x3  mm  were  embedded  in  cold  mount  resin  (Fast  Cure, 
Metlab  Corp.  Niagara  Falls,  NY).  (The  nickel  was  dissolved 
in  acid  and  analyzed  by  inductively  coupled  plasma  emis¬ 
sion  spectrophotometry:  Mn  0.22%,  Fe  0.03%,  Mg  0.03%, 
Si  0.03%,  Cr  0.06,  Cu  0.02,  Ti  0.02%;  Co,  A1  not  observed, 
balance  Ni.)  Artificial  pits  were  made  by  drilling  holes  of 
1  mm  diam  and  different  depths  in  the  specimens.  In  some 
specimens  the  hole  was  drilled  through  both  the  7  or  10  mm 
Ni  depth  and  the  cold  mount  in  order  to  facilitate  the  po¬ 
tential  distribution  measurement  inside  the  pit.  The  solu¬ 
tion  used  for  the  pitting  corrosion  study  was  1NH2S04  open 
to  the  air. 

Smooth  specimens  from  the  same  Ni  stock  were  used  for 
the  measurement  of  the  polarization  curve  where  the  cur¬ 
rent  was  recorded  after  5  or  more  min  at  each  potential 
(potentiostatic  condition).  The  samples  were  mounted  and 
the  edges  of  the  sample  were  lacquered  (Stop-off  Lacquer, 
Pyramid  Plastic,  Inc.,  USA)  to  eliminate  any  crevices  be¬ 
tween  the  sample  and  the  mount.  The  exposed  surface 
faced  upward  or  sideway  in  the  polarization  curve  meas¬ 
urement  and  either  a  large  volume  of  electrolyte  (—800  ml) 
or  small  volume  (—200  ml)  was  used,  the  latter  for  the  satu¬ 
rated  solutions.  Conversely,  the  sideway  orientation  and 
the  large  volume  were  used  to  minimize  buildup  of  the  cor¬ 
rosion  products  on  the  surface,  simulating  the  situation 
reported  below  in  experiments  with  the  pit  facing  down¬ 
ward.  The  polarization  curve  measurements  were  con¬ 
ducted  in  three  different  deaerated  (by  prepurified  grade 
N2)  solutions:  IN  H2S04,  NiS04  saturated  IN  H2S04,  and 
NiS04  saturated  0.02N  H2S04.  In  the  latter  two  measure¬ 
ments  excess  NiS04  was  present  in  the  cell  to  maintain  the 
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Fig.  2.  Schematic  of  the  experimental  setup  for  the  accumulation  of 
the  corrosion  products  during  artificial  pit  growth:  1,  Ni  specimen;  2, 
cold  mount;  3,  counterelectrode;  4,  PVC  cylindroid;  5,  electrolyte  in 
the  cylindroid;  6,  electrolyte  in  the  cell;  7,  reference  electrode. 


saturation  condition.  These  solutions  were  tested  for  their 
pH  and  conductivity.  A  pH  of  0.5,  0.5,  and  1.9  and  conduc¬ 
tivity  of  195,  82,  and  43  mS  were  measured  for  the  IN 
H2S04,  NiSO<  saturated  IN  H,S04,  and  NiSOH  saturated 
0.02N  H2S04,  respectively. 

Different  experimental  arrangements  were  employed  in 
the  study.  Figure  1  is  a  schematic  of  one  of  the  experimental 
setups  for  the  pitting  corrosion  tests  in  which  the  sample 
surface  and  pit  opening  face  downward  (upside-down  ori¬ 
entation).  A  small  diameter  (<0.2  mm)  Luggin  capillary 
probe  connected  to  a  saturated  calomel  electrode  (SCE) 
through  a  salt  bridge  containing  IN  H,SO<  was  used  to 
monitor  the  electrode  potential  at  different  positions  inside 
the  artificial  pit  by  entering  the  pit  from  the  top  opening. 
The  diameter  of  the  probe  was  always  less  than  one-fifth  of 
the  pit  diameter  (1  mm)  in  order  to  minimize  its  resistance 
to  current  flowing  out  of  the  pit.  The  presence  or  absence  of 
the  top  opening  was  found  to  have  no  effect  on  the  pitting 
characteristics  (e.g.y  refer  to  Fig.  5b  and  c  below).  Another 
SCE  connected  to  a  potentiostat  was  placed  close  to  the 
outer  Ni  (bottom)  surface  near  the  opening  of  the  artificial 
pit.  With  the  outer  Ni  surface  polarized  into  the  passive 
region  (0.4  V,  SCE),  the  measured  current  was  essentially 
that  due  to  active  corrosion  along  the  wall  of  the  artificial 
pit.  This  upside-down  arrangement  of  the  pit  enabled  the 
more  dense  corrosion  products  to  flow  downward  out  of  the 
pit.  In  addition,  some  experiments  were  run  with  the  sam¬ 
ple  surface  facing  upward.  These  experiments  are  de¬ 
scribed  below  in  connection  with  Fig.  2. 

Figure  2  shows  another  experimental  setup.  A  specimen 
with  a  hole  (an  artificial  pit)  drilled  through  both  the  Ni 
and  the  cold  mount  was  used.  The  mounted  specimen  was 
inserted  with  the  pit  opening  facing  upward  into  a  cylin¬ 
droid  filled  with  1NH2S04.  This  device  was  then  put  into  a 
larger  cell  of  IN  H,S04  with  the  outer  Ni  surface  facing 
upward.  Its  potential  was  held  in  the  passive  region  using  a 
potentiostat.  The  corrosion  products  moved  downward  and 
were  collected  in  the  cylindroid  for  analysis.  In  some  exper¬ 
iments  with  the  surface  facing  up,  the  artificial  pit  in  Fig.  2 
did  not  penetrate  the  sample  thickness  (so  that  the  corro¬ 
sion  products  would  accumulate  in  the  pit)  and  the  cylin¬ 
droid  was  removed.  This  is  referred  to  as  the  right-side-up 
orientation. 

For  the  upside-down  orientation  of  the  pit,  pH  measure¬ 
ments  were  made  periodically  during  the  experiment  by 
withdrawing  a  small  volume  of  the  pit  electrolyte  using  a 
syringe  with  a  fine  capillary  (less  than  one-fifth  of  the  1 
mm  pit  diameter).  For  the  right-side-up  orientation,  the 
nickel  specimen  was  removed  from  the  cell  at  the  end  of  the 
test  for  the  pH  measurement.  The  remaining  solution  on  the 
outer  surface  was  carefully  removed  by  touching  the  edges 
of  the  surface  with  an  adsorbent  paper.  Then,  using  the  fine 
capillary,  sbme  of  the  remaining  electrolyte  in  the  pit  was 


extracted  for  analysis.  This  procedure  minimized  dilution 
of  the  cavity  electrolyte.  The  extracted  solution  was  then 
tested  with  pH  paper. 

The  initial  potential  distributions  at  the  onset  of  the  pit¬ 
ting  process  inside  artificial  pits  were  calculated  for  the  pit 
diameter  of  1  mm  using  a  computation  model  published 
earlier.6,1  The  computation  was  conducted  in  an  IBM  3090 
mainframe  computer. 

Results 

Polarization  curve.— Polarization  curves  of  the  Ni  in  N2 
purged  H2S04,  with  or  without  addition  of  nickel  sulfate, 
were  measured,  found  to  be  reproducible,  and  are  pre¬ 
sented  in  Fig.  3.  The  features  of  the  curve  are  similar  to 
those  reported  in  the  literature.10  They  all  show  a  typical 
active-passive  behavior,  with  oxygen  evolution  occurring 
at  E  >  1000  mV  SCE.  There  is  a  small  plateau  (shoulder)  in 
the  active  region  of  the  curve  with  the  current  increasing 
steeply  to  the  peak  current  and  dropping  to  the  passive 
current  at  increasingly  oxidizing  potentials. 

The  three  polarization  curves  in  Fig.  3,  however,  are  very 
different  with  respect  to  the  size  of  their  active  loops.  The 
polarization  curve  for  the  1NH2S04  solution  without  nickel 
sulfate  (curve  a)  has  a  peak  current  density  of  30  mA  cm  3 
at  approximately  120  mV  (SCE)  whereas  the  peak  current 
densities  for  the  solutions  with  saturated  nickel  sulfate 
(curves  b  and  c  for  pH  0.5  and  1.9,  respectively)  are  much 
smaller,  about  3  and  0.6  mA  cm  *,  10  and  2%  of  the  value 
for  the  solution  without  nickel  sulfate,  and  occur  at  less 
noble  potentials.  The  difference  between  curves  b  and  c  is 
caused  by  the  difference  in  pH.  Curve  a  was  the  same  for 
both  the  facing  up  and  sideway  orientations,  e.g.,  the  peak 
current  density  was  30  ±  1  mA  cm-2  (mean  and  standard 
deviation  of  seven  measurements,  five  sideway). 

The  measured  open-circuit  corrosion  potentials  were 
-300  and  -270  mV  (SCE)  for  nickel  in  deaerated  1NH2S04 
and  in  IN  H2S04  open  to  the  air,  respectively. 

Shape  evolution  and  current  distribution  within  the  arti¬ 
ficial  pit. — A  pitting  corrosion  test  was  conducted  for  an 
artificial  pit  of  5  mm  in  depth  and  1  mm  in  diameter  in  the 
upside-down  orientation  (Fig.  1).  The  outer  surface  of  the 
sample  was  held  in  the  passive  region  at  400  mV  (SCE).  The 
recorded  current  decreased  from  an  initially  higher  value 
to  the  passive  value  (^0.03  mA  cm"2)  yielding  a  current 
transient  that  was  similar  to  those  obtained  in  the  polariza¬ 
tion  curve  measurements  of  the  passive  region.  The  cross 
section  of  the  pit,  after  testing  for  72  h,  is  shown  in  Fig.  4. 
No  changes  were  found  on  the  pit  wall  (100  times  magnifi¬ 
cation),  confirming  that  the  whole  pit  remained  in  the  pas- 


Fig.  3.  Quasi-stationary  polarization  curves  of  Ni:  in  N2  purged 
(o)  IN  H2$04,  800  ml  with  the  surface  facing  either  upwara  or 
sideway;  (b)  1 N  H2504  saturated  with  nickel  sulfate,  200  ml  with  the 
surface  facing  upward;  (c)  0.02  N  H2S04  saturated  with  NiS04, 
200  ml  with  the  surface  facing  upward. 
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Fig.  4.  Cross  section  of  on  artificial  pit  in  Ni  after  72  h  in  1 N  H2S04 
showing  no  change  in  diameter  (1  mm)  or  depth  (5  mm).  The  sample's 
outer  surface  was  held  at  400  mV  SCE  wim  the  pit  opening  foced 
downward. 


sive  state  during  the  entire  testing  period.  No  pitting  corro¬ 
sion  occurred  for  this  pit. 

However,  when  the  initial  pit  depth  was  increased  to 
7  mm  with  the  other  conditions  remaining  the  same,  dra¬ 
matic  changes  took  place.  Cross  sections  of  artificial  pits  of 
approximately  7  mm  depth  (with  their  openings  facing 
downward)  at  different  times  are  presented  in  Fig.  5.  The 
first  pit,  after  6  h  of  testing,  had  undergone  a  shape  change. 
The  cross  section  was  noticeably  larger  (Fig.  5b).  Proceed¬ 
ing  into  the  pit  from  the  bottom  surface,  one  sees  that  for 
the  first  1.4  mm  (arrow),  the  pit  remained  at  the  original 
diameter.  Further  in,  the  pit  was  larger  from  aggressive 
nickel  dissolution  with  the  maximum  diameter  (peak  cur¬ 
rent  density)  at  about  1.8  mm.  The  dissolution  rate  was  less 
(the  diameter  of  the  pit  is  smaller)  at  >1.8  mm,  but  still 
finite  even  at  7  mm  (top  of  the  micrograph).  At  longer  times 
(Fig.  5c  and  e)  this  shape  of  the  anodic  current  distribution 
is  more  pronounced  and  the  active/passive  boundary  (iden¬ 
tified  by  the  arrow  in  Fig.  5b)  moves  toward  the  pit  open¬ 
ing.  gradually  approaching  the  sample’s  outer  (bottom)  sur¬ 
face.  Microscopic  examination  of  the  pit  wall  revealed  a 
very  rough,  faceted  condition  at  the  early  stages.  With  in¬ 
creasing  test  time  (Fig.  5c-d)  the  morphology  of  the  pit  wall 
in  the  heavily  dissolved  (high  current)  region  became  less 
rough  and  less  crvslnllngrnphic  in  appearance;  rather  the 
pit  wall  became  somewhat  smooth  in  appearance.  Smooth¬ 
ing  during  pit  growth  has  been  observed  previously  in  iron 
and  attributed  to  ferrous  sulfate  salt  film  formation  on  the 
pit  surface.1 1  Similar  observations  were  made  for  the 
10  mm  deep  pits. 

Prior  to  the  pit  becoming  inactive  at  60  h  (Fig.  5e),  pene¬ 
tration  of  the  outer  (bottom)  surface  from  inside  the  pit 
occurred,  Joll  owed  by  passivation  locally  at  the  new  open¬ 
ing.  Then,  another  penetration  of  the  surface  occurred  fol¬ 
lowed  again  by  local  passivation.  This  process  was  repeti¬ 
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tive,  forming  additional  small  holes  around  the  original  pit 
opening  (arrows  point  to  some  of  these  penetrations  in  the 
cross  section  photograph  of  Fig.  5e)  until  growth  of  the  pit 
ceased  at  60  h.  The  sequential  formation  of  holes  moving 
outward  from  the  original  opening,  has  been  reported  in 
the  literature.*'11’15  The  large  number  and  arrangement  of 
the  holes  has  been  described  as  a  lace-like  pattern.  A  typi¬ 
cal  photograph  of  the  outer  surface  showing  the  new  holes 
(arrows)  around  the  original  pit  opening  for  another  sam¬ 
ple  is  presented  in  Fig.  6.  The  new  holes  again  formed  along 
a  radial  front  moving  outward  from  the  center  of  the  origi¬ 
nal  pit  opening.  As  the  number  of  holes  increased,  the  pit¬ 
ting  process  in  Fig.  6  became  less  stable  and  eventually  (at 
110  h)  ceased.  This  loss  of  stability  of  the  pitting  process 
with  increasing  number  of  penetrations  was  previously  ob¬ 
served  for  stainless  steel,13 12  iron,3  33,14  and  A1  bronze.35  The 
lace-like  morphology  and  the  other  results  shown  in  Fig.  5 
and  6  were  also  obtained  for  pits  of  different  original 
depths  (>7  mm).  Microscopic  examination  (100  times)  of  the 
underside  of  the  metal  covering  the  pit  revealed  the  same 
features  reported  above  for  the  pit  wall. 

The  above  pitting  corrosion  tests  were  conducted  with 
the  pit  opening  facing  downward.  Experiments  with  the 
sample  surface  facing  upward  and  the  pit  also  open  at  the 
bottom  (Fig.  2)  produced  a  similar  vase-like  shape,  but  it 
was  inverted  from  that  shown  in  Fig.  5.  When  the  sample 
surface  was  facing  upward  and  had  only  the  one  opening  at 
the  top  so  that  the  corrosion  products  accumulated  in  the 
pit  (right-side-up  orientation),  susceptibility  to  pitting  was 
initially  the  same,  i.e.,  the  initial  pitting  current  was  the 
same  for  pits  with  aspect  ratios  that  satisfied  the  IR  >  A4>* 
condition,  but  there  was  a  major  difference  thereafter  in 
that  the  pits  facing  upward  prematurely  went  inactive.  In 
subsequent  cross-sectional  examinations  of  these  pits, 
some  metal  dissolution  was  evident  and  corrosion  products 
were  visible  on  the  pit  wall  but  the  total  amount  of  corro¬ 
sion  was  small. 

Potential  distributions  within  the  pit . — The  measured 
potential  distributions  within  the  growing  pits  (original 
depth  7  mm  in  the  upside-down  orientation)  are  presented 
in  Fig.  7.  The  local  electrode  potential  decreases  with  in¬ 
creasing  distance  into  the  pit  and  even  at  the  earliest 
recorded  time  (0.5  h)  much  of  the  pit  wall  is  in  the  active 
region  of  the  polarization  curve  (3:180  mV  SCE  from 
curve  a  in  Fig.  3),  in  accord  with  the  active  dissolution 
noted  beyond  a  certain  distance  in  the  cross  sections  of 
Fig.  5.  The  gradients  near  the  pit  opening  are  steeper  at 
longer  times  but  level  off  to  approach  the  same  potential 
deeper  into  the  pit,  about  -  30  mV  (SCE).  Thus,  the  location 
of  a  given  potential,  e.g.,  Episs «  180  mV  (SCE),  moves  left  in 
Fig.  7  toward  the  pit  opening  with  increasing  time.  This 
shift  in  the  potential  distribution  with  time  identifies  a 
characteristic  feature  of  the  pit  growth  process;  the  active 
region  of  nickel  dissolution  expands  toward  the  pit  opening 
with  time,  in  agreement  with  the  photographic  observa¬ 
tions  in  Fig.  5.  Sometime  between  measurement  of  the 
40.5  h  curve  in  Fig.  7  and  cessation  of  pit  growth  at  60  h,  the 
potential  distribution  reversed  its  trend  and  moved  in  the 
more  noble  direction.  These  data  were  not  recorded  for  the 
sample  in  Fig.  5e  but  were  for  other  samples  during  slow 
down  of  the  growth  of  the  pits.  This  reverse  trend  at  late 
stages  is  schematically  indicated  by  the  dashed  curve  in 
Fig.  7  and  shown  by  the  measured  curves  in  Fig.  8. 

Typical  potential  distributions  for  a  10  mm  deep  pit  in 
the  right-side-up  orientation  (corrosion  products  accumu¬ 
late  in  the  pit)  are  shown  in  Fig.  8.  The  applied  potential  at 
its  outer  surface  was  also  400  mV  (SCE).  The  earliest  (0.5  h) 
measured  potential  distribution  was  similar  to  that  pre¬ 
sented  for  the  upside-down  orientation  (Fig.  7),  causing 
active  dissolution  of  the  pit  wall.  Thereafter,  the  potential 
profiles  revealed  the  trend  of  a  pit  going  inactive.  The  po¬ 
tentials  moved  in  the  more  noble  direction  with  increasing 
time,  indicating  that  passivation  of  the  pit  was  occurring 
at  a  very  early  time,  less  than  a  few  hours  compared  to  tens 
of  hours  for  pits  facing  downward,  e.g.,  the  pits  in  Fig.  5e 
and  6.  This  very  early  passivation  for  the  right-side-up  ori- 
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Fig.  6.  Photograph  of  the  outer  surface  of  a  sample  tested  for  1 1 0  h 
showing  a  lace-like  pattern  around  the  original  pit  opening,  pro¬ 
duced  by  multiple  penetrations  of  the  outer  surface  from  inside  the 
pit.  Original  depth:  10  mm;  original  diameter:  1  mm;  outer  surfoce 
potential:  400  mV  SCE;  pit  opening  faced  downward. 


entation  occurs  for  a  different  reason  than  for  the  upside- 
down  orientation  since  it  occurs  long  before  penetrations  of 
the  outer  surface  occur  from  inside  the  pit. 

Another  difference  between  the  right-side-up  and  up¬ 
side-down  orientations  is  the  magnitude  of  the  least  noble 
potential  measured  in  the  pit,  approximately  -120  mV, 
SCE,  for  the  right-side-up  orientation  (Fig.  8)  compared  to 
-30  mV,  SCE,  for  the  upside-down  orientation  (Fig.  7). 
Both  of  these  least  noble  measured  potentials  are  positive 
of  the  hydrogen  evolution  potential,  consistent  with  the 
fact  that  (hydrogen)  gas  bubbles  were  never  observed  in¬ 
side,  or  coming  out  of,  the  pits. 

Current-time  transient  for  the  pit. — A  typical  current 
transient  during  an  upside-down  pit  growth  test  is  pre¬ 
sented  in  Fig.  9a  for  the  sample  whose  pit  became  inactive 
at  60  h  (Fig.  5e).  The  transient  for  the  sample  in  Fig.  6  is 
shown  in  Fig.  9b.  The  transient  of  Fig.  9c  is  for  a  sample 
with  the  pit  opening  facing  upward  (Fig.  8).  The  initial 
current  for  the  pit  facing  downward  (Fig.  9a)  was  about 
2  mA  and  decreasing,  typical  of  an  initially  active  surface 
undergoing  passivation.  However,  the  current  decreased  to 
only  about  1.5  mA  prior  to  a  gradual  increase  in  current, 
indicating  that  some  of  the  inside  surface  of  the  artificial 


Fig.  8.  The  measured  potential  distributions  inside  an  artificial  pit 
of  original  depth,  10  mm,  and  diometer,  1  mm,  the  opening  of  which 
faced  upwaro  resulting  in  accumulation  of  the  corrosion  products  in 
♦he  pit.  Outer  surface  potential:  400  mV  SCE. 


pit  remained  in  the  active  state.  The  current  increased  for 
hours  until  after  many  penetrations  of  the  outer  surface 
and  then  (at  60  h)  the  current  abruptly  decreased  to  zero 
and  all  pit  growth  activity  ceased.  The  current  transient  of 
Fig.  9b,  however,  exhibits  a  current  decrease  but  then  a 
recovery  in  the  period  between  48  and  70  h.  This  slowdown 
of  the  pit  growth  rate,  followed  by  recovery,  occurred  in  the 
later  stage  when  penetrations  of  the  outer  surface  from 
within  were  occurring.  Presumably,  passivation  of  much  of 
the  pit  surface  momentarily  occurred  following  one  or 
more  penetrations.  This  decrease-recovery  pattern  in  the 
current  was  also  observed  in  another  sample  during  the 
lace-like  pattern  formation.  Since  the  lace-like  patterns 
differed  from  sample  to  sample,  the  later  stages  of  the  cur¬ 
rent  transients  were  quantitatively  different  resulting  in 
different  times  of  active  pitting  and  current  values  (<?.p., 
Fig.  9a  vs.  9b),  though  the  qualitative  trends  were  the  same. 
The  initial  stages  of  the  transients  were  more  quantita¬ 
tively  reproducible. 

For  the  samples  with  their  pit  opening  facing  upward 
(right-side-up  orientation)  so  that  the  corrosion  products 
accumulated  within  the  pit  promoting  stagnation  of  the  pit 
solution,  the  current  transient  has  a  markedly  different 
trend  (Fig.  9c).  Initially,  the  current  was  large  (2  mA)  and  of 
the  same  magnitude  as  the  current  of  the  samples  facing 
downward  (2  mA,  Fig.  9a).  This  large  initial  pitting  current 
was  matched  by  a  large  potential  gradient  inside  the  pit 
(e.p.,  the  earliest  measured  curve  at  35  min,  Fig.  8)  that 
placed  the  potential  inside  the  pit  in  the  active  region  of  the 
polarization  curve  (Fig.  3).  However,  the  current  declined 
instead  of  increasing  with  time.  This  coincided  with  a  de¬ 
crease  in  the  potential  gradient  and  the  shift  of  the  local 
electrode  potentials  in  the  pit  to  more  noble  values  (35  to 
140  min  curves  in  Fig.  8)  indicative  of  a  slowdown  in  the 
growth  of  the  pits  after  their  brief  initial  high  rate  of 
growth.  Thus,  within  hours  potentials  in  the  pit  ap¬ 
proached  the  outer  surface  potential  of  400  mV  (SCE).  At 
this  time,  the  entire  pit  wall  became  passivated;  thus,  the 
initial  active  state  was  not  sustainable  inside  the  pit  and 
the  pitting  process  was  over  in  a  matter  of  hours.  Moving 
the  Luggin  probe  into  and  out  of  the  pit  was  found  to  in¬ 
crease  the  current,  stimulating  pit  growth,  and  delaying  the 
passivation  process.  In  the  case  of  Fig.  9c,  a  delay  of  over 
3  h  was  produced  by  motion  of  the  probe  (compared  to 
measured  life  times  of  1  to  3  h  for  quiescent  pit  solutions). 

Corrosion  products  in  the  pit  and  pH  of  the  pit  solu¬ 
tion . — The  nickel  contents  in  the  bulk  solution  and  in  the 
solution  collected  in  the  cylindroid  of  Fig.  2  after  the  pit 
growth  test  of  an  artificial  pit  (10  mm  in  depth  and  1  mm  in 
diameter  with  the  outer  surface  held  at  400  mV)  for  93  h 
were  analyzed.  The  nickel  content  in  the  bulk  solution 
was  690  ppm.  The  nickel  content  in  the  solution  of  the 
cylindroid  was  much  higher,  9850  ppm  indicating  that 
most  of  the  Ni44  ion  moved  downward  out  of  the  pit  by 
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convective  flow  of  the  denser  pit  solution  under  the  in¬ 
fluence  of  gravity. 

The  pH  of  the  IN  H2S04  bulk  solution,  which  was  the 
same  as  the  pit  solution  at  the  beginning  of  the  pitting 
process  (t  =  0),  was  measured  using  pH  test  paper  and  found 
to  be  0.5  ±  0.2.  During  the  pitting  test  for  a  pit  (7  mm  depth 
and  1  mm  diam)  facing  downward  (Fig.  5),  some  of  the  pit 
solution  was  extracted  using  a  syringe  and  a  fine  pipette  at 
t  =  6,  24,  and  44  h.  Their  pH  at  the  three  times  was  found  to 
be  0.5  ±  0.2,  indicating  there  was  no  change  in  the  pH  of  the 
pit  solution  during  the  pit  growth  test.  This  same  result  was 
obtained  in  a  second  and  third  test.  This  constancy  of  the 
pH  of  the  pit  electrolyte  is  indicative  of  mixing  of  the  bulk 
and  pit  solutions  caused  by  the  downward  flow  of  the 
denser  corrosion  products  out  of  the  (upside-down)  pit.  If 
extensive  mixing  had  not  occurred,  one  would  have  ex¬ 
pected,  based  on  observations56  and  modeling  results,17  that 
the  pH  would  rise  somewhat  in  the  pit  solution  to  the  equi¬ 
librium  pH  for  the  hydrolysis  reaction.  In  another  series  of 


Time  (  min  ) 

Fig.  9.  Pitting  current  transients  during  the  pit  growth  test  (a)  for 
the  sample  of  Fig.  5e;  (b)  for  the  sample  of  Fig.  6;  (c)  for  the  sample 
with  the  pit  opening  facing  upward  (Fig.  8). 


Fig.  10.  Comparison  of  the  computed  (/=  0)  and  measured  (0.5  h) 
potential  distributions  MB  for  a  pit  of  7  mm  in  depth  and  1  mm  in 
diam,  with  the  outer  surface  held  at  400  mV  (SCE)  facing  downward 
in  1NH2S04. 


tests  using  the  right-side-up  arrangement,  the  pH  indeed 
was  found  to  be  approximately  2  at  the  end  of  the  short  (1 
to  3  h)  lifetimes  of  the  pits.  This  increase  in  pH  is  consistent 
with  the  fact  that  convective  mixing  of  the  pit  and  bulk 
solutions  is  much  less  for  the  right-side-up  orientation. 

Calculated  potential  and  current  distributions.— The 
initial  potential  and  dissolution  current  distributions 
within  pits  of  the  same  diameter,  1  mm,  and  different 
depths  were  calculated  using  the  computation  method 
published  earlier.6,7  The  polarization  data  of  curve  a  in 
Fig.  3  were  used  in  the  computation.  A  comparison  be¬ 
tween  one  computed  potential  distribution  for  a  pit  depth 
of  7  mm  and  the  experimental  result  at  0.5  h  is  presented  in 
Fig.  10.  The  computed  potential  profiles  in  Fig.  11  for  the  7 
and  50  mm  deep  pits  are  very  steep  (indicative  of  large 
potential  drops  within  the  pits)  and  are  similar  to  the  meas¬ 
ured  profiles  for  the  7  mm  deep  artificial  pits  (Fig.  7  and 
10).  In  contrast,  the  computed  potential  profile  for  the 
3.5  mm  deep  pit  (Fig.  11)  is  almost  horizontal  (very  small 
potential  drop  within  the  pit),  indicating  that  no  pitting 
occurs  for  a  3.5  mm  deep  artificial  pit.  Similarly,  the  meas¬ 
ured  potential  profile  of  the  5  mm  deep  pit  in  Fig.  4  for 
which  there  was  no  corrosive  attack,  was  also  almost  hori¬ 
zontal.  Thus  the  modeling  correctly  predicts  that  the  artifi¬ 
cial  pits  of  7  mm  depth  will  undergo  anodic  dissolution, 
while  a  shallower  pit  (3.5  mm)  will  not.  The  computational 
result  that  the  3.5  mm  deep  pit  is  completely  passive  is  not 
inconsistent  with  the  observation  that  the  active/passive 
boundary  in  the  experimental  results  of  Fig.  5  is  at  less  than 
2  mm  for  two  reasons.  The  E ^  value  moves  toward  the  pit 
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Fig.  1 1 .  Computed  initial  potential  distributions  within  pits  in  the 
nickel/ 1 N  H2$04  system.  The  pits  are  3.5,  7.0  and  50  mm  in  depth 
and  1  mm  in  diam,  with  the  sample's  outer  surface  held  at  400  mV 
(SCE)  in  the  passive  state. 
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Distance  into  the  pit  (  mm  ) 

Fig.  12.  Computed  initial  pitting  current  distribution  on  the  pit  wall 
(corresponding  to  the  pit  or  7  mm  depth  in  Fig.  1 1). 


opening  with  increasing  time  (Fig.  5).  Hence,  it  is  at  its 
greatest  distance  from  the  pit  opening  at  t  =  0  rather  than 
at  t  >  0  as  in  Fig.  5.  Second,  the  location  of  Epa„  on  the  pit 
wall  at  t  =  0  (critical  distance,  dc)  is  a  function  of  the  origi¬ 
nal  pit  depth  (d0);  dc  increases  as  d0  decreases.7 

The  corresponding  computed  current  distribution  on  the 
artificial  pit  wall  for  the  7  mm  deep  pit  is  presented  in 
Fig.  12.  It  shows  a  large  current  peak  just  beyond  the  dis¬ 
tance  of  the  passive  to  active  transition  on  the  pit  wall. 
Thus,  the  modeling  also  yields  a  current  distribution  simi¬ 
lar  to  that  observed  (Fig.  5). 

Discussion 

Voltage  drop  mechanism  of  pit  growth  —  Previous  work17-17 
suggests  that  localized  corrosion  is  due  to  a  macrocorrosion 
cell  where  the  anode  site  within  the  cavity  has  electrode 
potentials  within  the  active  region  of  the  polarization  curve 
of  the  cavity  electrolyte  which  is  at  less  noble  potentials 
than  the  outer  surface  cathodic  site.  The  outer  surface  is 
at  a  potential  in  the  passive  region  that  is  maintained  by 
either  a  potentiostat  in  a  laboratory  test  or  an  oxidant  (e.g., 
oxygen)  in  the  natural  environment.  The  potential  distri¬ 
bution  within  a  crevice  or  a  pit  is  decided  by:  (i)  the  electro¬ 
dynamics  described  by  the  time  dependent  diffusion-mi¬ 
gration  equation.  In  ideal/simplified  cases,  the  time 
independent  Poisson  or  even  Laplace  equation  may  be 
used,  (zi)  The  polarization  and  passivation  effects  which 
promote  the  penetration  of  the  applied  electric  field  into 
the  crevice  or  pit.  {iii)  The  IK,  which  results  from  the  flow 
of  the  corrosion  current,  balances  the  electrode  potential 
difference  between  the  anode  in  the  cavity  and  the  cathode 
outside  the  cavity. 

In  simple  cases  (an  active  loop  exists  in  the  bulk  solution 
polarization  curve  enabling  immediate  commencement  of 
the  pit  growth  process  for  aspect  ratios  that  satisfy  the  XR  > 
A4>*  condition1'7)  the  initial  potential  distribution  may  be 
calculated  quantitatively.6,7  Both  experimental  and  compu¬ 
tational  results  show  that  when  the  depth  of  a  pit  is  small 
relative  to  its  diameter  (or  the  depth  of  a  crevice  is  small 
relative  to  its  gap  dimension),  t.e.,  the  aspect  ratio  is  small, 
the  current  decreases  as  the  pit  or  crevice  walls  become 
fully  passivated  due  to  the  influence  of  the  applied  electric 
field.  Hence,  no  localized  corrosion  occurs.  When  the  cavity 
depth  is  greater  (exceeding  the  critical  depth  for  a  given  pit 
diameter  or  gap  dimension6,7),  the  IR  condition  for  stable 
localized  corrosion  is  met  at  t  =  0,  t.e.,  the  IR  drop,  IR  = 
£,urf  ~  £pit  (or  >  A<)>*  (Fig.  3),  will  exist  in  the  cavity 

electrolyte  between  the  anode  (the  active  pit  or  crevice 
wall)  and  the  outer  surface. 

The  voltage  drop  mechanism  is  able  to  explain,  qualita¬ 
tively  and  to  some  extent  quantitatively,  many  of  the  estab¬ 
lished  facts  for  pitting  (or  crevice)  corrosion.  For  example, 
the  observed  very  large  pitting  corrosion  rate  may  be  ex¬ 
plained  by  the  different  local  electrode  potentials  of  the 
anode  (the  pit  or  crevice  wall)  which  yields  a  very  large 
anodic  dissolution  current  density  (could  be  as  large  as  the 


peak  current  in  the  polarization  curve).  The  latter  can  be  a 
thousand  times  larger  than  the  metal  dissolution  rate  at  the 
outer  surface  which  is  at  a  more  noble  potential  in  the  pas¬ 
sive  region.  The  roles  of  the  chloride  ion  and  of  local  acidi¬ 
fication  and  the  manner  in  which  the  initial  stabilization  of 
the  pitting  or  crevice  corrosion  process  occurs,  can  also  be 
explained  within  the  framework  of  the  voltage  drop  mech¬ 
anism. ’'7  In  the  following  sections,  the  validity  of  the 
voltage  drop  mechanism  is  further  examined  by  the  exper¬ 
imental/modeling  results  of  the  present  work. 

Morphology  change  of  the  artificial  pit  during  growth. — 
The  shape  evolution  of  the  cross  section  of  the  corroding 
pits  (Fig.  5)  is  very  similar  to  the  shape  evolution  observed 
in  artificial  pits  for  iron  in  acetic  acid.7  The  vase  shape  is 
due  to  the  initial  cylindrical  geometry  of  the  artificial  pit 
and  to  the  current  distribution  dictated  by  the  shape  of  the 
active  peak  of  the  polarization  curve  of  the  pit  electrolyte, 
t.e.,  the  highest  pitting  current  density  (=  the  peak  current 
density  of  the  polarization  curve)  is  just  slightly  deeper  into 
the  pit  than  the  active/passive  boundary  on  the  pit  wall, 
and  the  current  density  decreases  at  greater  distances  into 
the  pit.  With  the  accompanying  increase  in  diameter  of  the 
active  part  of  the  pit,  the  dissolution  area  increases.  Thus, 
the  total  pitting  current  increases  with  time  (Fig.  9a  and  b). 
As  a  result,  a  shorter  current  flow  path  can  produce  the 
required  IR  drop  to  maintain  a  portion  of  the  pit  wall  in 
the  active  state;  hence  the  active/passive  boundary  on  the 
pit  wall  is  expected  to  move  toward  the  pit  opening  with 
increasing  time,  consistent  with  the  experiments  (Fig.  5 
and  7).  Accordingly,  the  pit  expands  also  in  the  direction 
of  the  outer  surface  with  increasing  time,  and  eventual¬ 
ly  penetrates  tfre  outer  surface  from  underneath  (Fig.  5e 
and  6).  The  penetration  produces  a  new  pit  opening  which 
causes  the  IR  drop  to  suddenly  decrease  owing  to  the  new 
electrolyte  path  between  the  pit  and  bulk  solutions  so  that 
the  stability  condition  IR  >  A<t>*  may  no  longer  be  met  any¬ 
where  in  the  pit.  Hence,  the  entire  pit  surface  may  passiv¬ 
ate  leaving  an  inactive  pit  of  approximately  hemispheri¬ 
cal  shape. 

Lace-like  morphology  of  the  external  surface . — When  a 
penetration  of  the  external  surface  occurs,  typically,  the 
local  region  of  the  penetration  passivates  while  the  remain¬ 
ing  pit  wall  further  from  the  new  hole  still  remains  in  the 
active  state.  Two  explanations  of  the  passivation  of  the  pit 
wall  in  the  vicinity  of  the  new  opening  have  been  offered  in 
the  literature:  (t)  dilution  of  the  pit  solution,  in  particular 
the  H*  and  Cl"  ion  concentrations,  by  entry  of  bulk  elec¬ 
trolyte11  and  (ii)  decrease  in  the  IR  drop  as  a  result  of  the 
new  electrolyte  path  for  current  flow.3  The  latter  IR  drop 
mechanism  can  explain  all  of  the  known  features  of  the 
lace-like  morphology,  e.g.,  the  rough,  faceted  nature  of  the 
pit  wall  including  near  the  new  openings  as  reported  above 
and  elsewhere,11,14  is  readily  explained  by  the  local  elec¬ 
trode  potential  being  in  the  Tafel  region  of  the  active  peak, 
prior  to  formation  of  the  new  hole.3  The  presence  of  salt 
films  on  the  pit  surface11  is  also  indicative  of  potentials  in 
the  active  peak.  The  tendency  to  form  new  holes  in  a  con¬ 
centric  pattern  around  the  original  pit  opening  and  then  in 
a  larger  concentric  pattern,  and  so  on,  is  expected  behavior 
for  the  IR  mechanism.3  Furthermore,  it  has  been  experi¬ 
mentally  found  in  this  work  and  earlier  studies3,7  that  the 
IR  drop  controls  the  motion  of  the  active/passive  boundary 
toward  the  pit  opening  and  that  this  motion  is  a  precursor 
step  to  the  formation  of  the  new  holes  that  produce  the 
lace-like  morphology.  Hence,  the  results  indicate  that  prior 
to  formation  of  the  new  hole,  the  underneath  surface  of  the 
metal  covering  the  pit  is  at  a  less  positive  potential  (in  the 
active  region)  than  that  of  the  outer  surface  which  is  in 
the  passive  region.  It  follows  that  when  a  penetration  oc¬ 
curs,  the  existing  IR  drop  is  short  circuited  through  the  new 
hole.  This  causes  the  local  electrode  potential  on  the  pit 
wall  at  this  hole  to  shift  in  the  positive  direction  approach¬ 
ing  the  outer  surface  potential.  Consequently,  the  pit  wall 
at  the  new  hole  passivates,  precluding  further  enlargement 
of  the  opening.3 
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That  the  IR  drop  is  the  basis  of  the  lace-like  pitted  struc¬ 
tures  is  also  indicated  from  a  consideration  of  the  time 
constants  of  the  IR  short-circuiting  and  diffuse  mixing  pro¬ 
cesses.  When  the  new  hole  forms,  short-circuiting  of  the  IR 
drop  occurs  in  a  matter  of  seconds  whereas  diffusive  mix¬ 
ing  of  the  pit  and  bulk  volumes  takes  much  longer.  For 
example,  under  quiescent  conditions  it  takes  on  the  order 
of  1  h  for  species  with  diff usivities  of  1 0  5  cm2  s' 1  to  traverse 
1  mm  (root  mean  square  displacement  equation).  If  the  time 
constant  for  diffusive  mixing  was  shorter,  e.g.,  seconds  or 
minutes,  the  pits  that  went  inactive  in  one  or  a  few  hours 
under  stagnant  conditions  (e.g.,  Fig.  8  and  9c)  would  have 
remained  active  since  the  mixing  rate  would  then  be  much 
faster  than  the  time  constant  for  saturation  of  the  pit  so¬ 
lution  in  NiS04.  The  latter  saturation  time  constant  can  be 
easily  shown  from  the  charge  passed  (e.g.,  area  under 
curve  c  in  Fig.  9)  and  the  volume  of  the  artificial  pit  to  be 
also  on  the  order  of  hours. 

The  roles  of  the  corrosion  products ,  pH,  and  resistivity. — 
The  results  of  Fig.  5-7,  9a  and  b,  and  10  were  obtained  from 
samples  with  their  pit  opening  facing  downward,  while  the 
results  of  Fig.  8  and  9c  were  from  a  sample  with  its  pit 
facing  upward.  The  large  difference  between  these  two  sets 
of  results  is  related  to  the  more  stagnant  solution  inside  the 
pits  with  the  right-side-up  orientation.  The  reason  that 
stagnancy  decreases  the  pit  stability  in  this  metal/elec¬ 
trolyte  system  is  indicated  in  the  polarization  curves  of 
Fig.  3.  The  peak  current  density  in  the  active  region  for  the 
two  solutions’ saturated  with  nickel  sulfate  (curves  b  and  c) 
is  substantially  lower  and  located  at  less  noble  potentials 
than  that  for  the  solution  without  nickel  sulfate.  The  peak 
current  density  of  curve  c  is  lower  than  that  of  curve  b 
(curve  c  is  for  the  higher  pH  solution).  A  smaller  active  peak 
that  is  at  less  noble  potentials  makes  it  more  difficult  to 
maintain  the  stability  criterion:  IR  >  A4>*,  since  the  current 
produced  in  the  active  region  of  the  pit  wall,  I,  is  smaller 
and  A<(>*  is  larger1,3'5;  the  higher  (measured)  resistivity  of 
these  saturated  solutions  (R  is  increased)  tends  to  compen¬ 
sate  for  the  decreased  size  of  the  active  peak  but  the  four¬ 
fold  increase  in  R  is  not  dominant  considering  that  the  cur¬ 
rent  decreases  by  one  to  two  orders  of  magnitude.  The 
dominancy  of  the  decrease  in  size  of  the  active  peak  is 
borne  out  by  the  fact  that  the  pits  in  the  right-side-up  ori¬ 
entation  become  less  active  with  increasing  time  (Fig.  8  and 
9c).  This  explanation  of  how  the  change  in  solution  compo¬ 
sition  of  a  stagnant  pit  solution  with  increasing  time  causes 
a  destabilization  of  the  pitting  process  for  the  right-side-up 
orientation  is  also  supported  by  the  observation  that  mo¬ 
tion  of  the  Luggin  probe  in  and  out  of  the  pit,  effectively 
diluting  the  pit  solution  with  bulk  solution,  extends  the  pit 
life  (Fig.  8  and  9c).  In  an  earlier  experiment  with  iron  in  a 
pH  3.9  solution,  the  pitting  process  was  also  found  to  be 
stimulated  by  the  motion  of  the  probe:  matching  current 
and  potential  spikes  were  simultaneously  initiated  upon 
insertion  of  the  probe  into  the  pit.17  In  this  case  motion  of 
the  probe  disturbed  the  hydrogen  gas  bubble  which  filled 
the  bottom  portion  of  the  pit  and  resulted  in  the  sharp 
current/potential  fluctuations  since  the  gas/pit-wall  spac¬ 
ing  determined  the  resistance  to  current  flow.17 

For  pits  facing  downward  {e.g.,  Fig.  5),  however,  the  situ¬ 
ation  is  different  in  that  the  size  of  the  active  peak  for  the 
pit  electrolyte  remains  near  that  of  the  starting  bulk  solu¬ 
tion  (Fig.  3,  curve  a)  as  shown  above  by  the  measured  con¬ 
stancy  of  pH  during  the  experiment.  The  more  dense  NiS04 
solution  easily  moves  downward  out  of  the  pit  in  the  direc¬ 
tion  of  gravity,  effectively  maintaining  a  dilute  Ni2"  concen¬ 
tration  and  the  bulk  solution  pH  and  resistivity  in  the  pit. 
Accordingly,  since  both  IR  and  A4>*  retain  their  initial  val¬ 
ues,  the  IR  >  A4>*  condition  which  initiated  the  pitting  pro¬ 
cess  is  maintained  for  the  up-side-down  orientation  and  a 
stable  pitting  process  ensues.  Consequently,  only  after  pen¬ 
etrations  of  the  outer  surface  occur  does  destabilization  of 
the  pitting  process  commence.  (Note  that  stable  pit  growth 
probably  would  not  have  occurred  in  the  first  place  had  an 
oxidant  instead  of  the  potentiostat  been  used  since  the  oxi¬ 


dant  would  not  have  become  depleted  in  the  artificial  pit  in 
view  of  the  strong  convective  mixing.) 

The  onset  of  active  metal  dissolution  in  the  artificial  pit 
may  be  independent  of  the  pit  orientation  (facing  up  vs. 
down)  since  the  Ni2*  ion  content,  pH,  conductivity,  and 
the  IR  >  A4>*  condition  are  initially  the  same  in  the  pit 
for  both  orientations.  The  same  initial  pitting  current  of 
Fig.  9a  and  c  (-2  mA)  supports  this  statement. 

The  above  mentioned  increase  in  pH  from  0.5  to  2  for  the 
stagnant  solution  (right-side-up  orientation)  occurs  under 
the  influence  of  the  potential  gradient  existing  in  the  pit 
solution.17  The  onset  of  the  hydrolysis  reaction  keeps  the 
pH  from  rising  more.  Thus,  in  bulk  solutions  whose  pH  is 
lower  than  the  hydrolysis  equilibrium  pH  (in  which  case 
the  hydrolysis  reaction  does  not  occur),  the  pH  increases  in 
a  stagnant  solution  with  increasing  time  to  a  new  stable 
value  and,  along  with  the  increase  in  metal  ion  concentra¬ 
tion,  causes  the  above  mentioned  decrease  in  size  of  the 
active  peak  (Fig.  3).  For  the  Ni/1  N  H2S04  system  this  means 
that  a  less  favorable  IR  >  A4>*  condition  develops  during  the 
pitting  process  so  that  destabilization  of  the  pitting  process 
occurs  (Fig.  8  and  9c). 

The  pH  change  has  the  opposite  effect  when  the  bulk 
solution  pH  is  greater  than  the  equilibrium  pH  of  the  hy¬ 
drolysis  reaction,  e.g.,  in  neutral  and  alkaline  solutions. 
The  pH  now  decreases  in  a  stagnant  solution  (right-side-up 
orientation)  because  of  the  occurrence  of  the  hydrolysis 
reaction.16  Since  the  metal  ion  concentration  increases  in 
the  pit  regardless  of  the  pH,  these  two  factors  that  mainly 
determine  the  size  of  the  active  peak,  metal  ion  concentra¬ 
tion  and  pH,  oppose  each  other.  It  follows  that  if  the  de¬ 
crease  in  pH  dominates,  the  size  of  the  active  peak  in¬ 
creases  for  the  stagnant  solution  inside  a  pit.  This  makes 
the  IR  >  A<t>*  condition  more  easily  met  as  the  pit  solution 
stagnates  with  increasing  time,  and  visa  versa  if  the  metal 
ion  concentration  dominates. 

The  resistivity  change  in  neutral  or  alkaline  solutions  can 
also  have  the  opposite  effect  to  that  in  strongly  acid  solu¬ 
tion.  Since  the  hydrolysis  reaction  occurs  (neutral  and  al¬ 
kaline  solutions)  and  increases  the  concentration  of  the 
very  mobile  H+  ion,  the  conductivity  of  a  stagnant  pit  solu¬ 
tion  (right-side-up  orientation)  can  be  expected  to  increase 
during  the  experiment,  i.e.,  R  decreases  with  increasing 
time  to  a  new  stable  value.  Thus,  if  the  active  peak  also 
becomes  smaller  (which  would  happen  if  the  increase  in 
metal  ion  concentration  dominates  over  that  of  the  H*  ion 
as  discussed  above),  the  IR  >  A<)j*  condition  becomes  more 
difficult  to  meet  as  the  pit  solution  stagnates.  If,  on  the 
other  hand,  the  active  peak  increases  in  size  (the  increase  in 
Hf  ion  concentration  dominates  over  the  increase  in  metal 
ion  concentration)  and  is  dominant  over  the  resistivity  de¬ 
crease,  IR  >  A4>*  would  become  easier  to  meet  during  the 
stagnation  process.  This  latter  situation  is  thought  to  be  the 
explanation  for  the  delayed  onset  of  crevice  corrosion  ob¬ 
served  in  laboratory  and  service  exposures  in  neutral  and 
alkaline  environments.  This  anticipated  dominance  of  the 
increase  in  size  of  the  active  peak  over  the  decrease  in  resis¬ 
tivity  is  reasonable  since  it  was  found  above  to  occur  in  the 
case  of  the  strongly  acid  solutions.  Accordingly,  the  right- 
side-up  orientation  with  its  inherent  tendency  for  stagna¬ 
tion  of  the  solution  would  more  readily  produce  stable  lo¬ 
calized  corrosion  than  the  upside-down  orientation  in  the 
case  of  neutral  and  alkaline  bulk  solutions. 

The  computational  results  in  Fig.  11  which  are  for 
curve  a  in  Fig.  3  (IN  H,S04)  show  that  the  outer  surface 
polarization  extends  to  over  30  mm  into  the  pit.  The  poten¬ 
tial  is  still  decreasing  at  this  distance  in  the  approach  to  the 
limiting  potential.  £Jiltl  is  established  by  the  mixed  potential 
of  the  nickel  dissolution  reaction  and  the  hydrogen  evolu¬ 
tion  reaction  and  exists  at  depths  beyond  the  reach  of  the 
outer  surface  polarization.1  For  nickel  in  1 N  HzS04  satu¬ 
rated  in  Ni’*  ion,  EUni  can  be  expected  to  be  close  to  the 
above  reported  corrosion  potential  for  the  deaerated  IN 
H.SO,  solution,  i.e.,  Ehms- 300  mV  (SCE).  This  is  consider¬ 
ably  more  negative  than  the  -  30  mV  (SCE)  value  measured 
for  the  7  mm  deep  pit  (Fig.  7).  Since  for  the  up-side-down 
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orientation  good  mixing  occurs  so  that  curve  a  in  Fig.  3 
(and  the  bulk  solution  conductivity)  approximately  applies 
at  t  >  0,  one  reason  that  EUm  is  not  reached  in  the  above 
experiments  {e.g.,  Fig.  7)  is  that  the  outer  surface  polariza¬ 
tion  extends  to  the  bottom  of  the  7  and  10  mm  deep  pits 
(Fig.  11).  The  least  noble  measured  potential  was  - 120  mV 
(SCE)  in  Fig.  8  (35  min  curve)  for  this  unstable  pit  growth 
situation  (stagnant  solution,  right-side-up  orientation). 
This  more  negative  measured  potential  (compared  to  the 
-30  mV  SCE  for  the  upside-down  orientation  in  Fig.  7)  is 
in  accord  with  the  measured  lower  conductivity  for  the 
more  saturated,  higher  pH  solution  (for  otherwise  roughly 
the  same  current  at  0.5  h)  and  with  this  pit’s  longer  current 
path  (10  mm  depth),  i.e.,  R  is  larger  for  the  pit  in  Fig.  8  that 
gave  the  larger  IR  drop. 

The  existence  of  a  salt  film  could  explain  the  origin  of  the 
plateau  (shoulder)  that  exists  in  the  active  peaks  of  the 
polarization  curves  (Fig.  3).  A  salt  film  could  also  produce 
the  smoothing  of  the  faceted  pit  walls  reported  above  at 
later  stages  of  pit  growth.  This  interpretation  is  consistent 
with  the  fact  that  the  most  negative  measured  potential 
during  stable  pitting,  -30  mV,  SCE  (upside  down  orienta¬ 
tion,  Fig.  7)  lies  near  the  positive  end  of  the  plateau  in 
curve  a  of  Fig.  3.  If  a  salt  film  does  form  it  could  support  a 
significant  IR  drop.  This  IR  drop,  however,  would  not  be 
detected  by  the  measuring  technique3  or  by  the  calculation 
used  in  this  paper.  Its  magnitude  could  be  as  large  as  the 
difference  between  the  least  noble  measured  potential  in 
the  pit  and  the  limiting  potential.  A  finite  resistance  of  the 
salt  film  to  current  flow  would  mean  that  the  actual  current 
flowing  through  the  pit  electrolyte  would  be  less  than  at 
earlier  times  when  a  salt  film  had  not  yet  formed.  Thus,  the 
measured  potential  profile  at  early  times  ( e.g 0.5  h)  could 
be  at  less  noble  potentials  than  the  calculated  profile,  e.g., 
as  in  Fig.  10,  since  the  calculated  profile  used  the  polariza¬ 
tion  curve  a  in  Fig.  3  which  contains  the  current  plateau  in 
the  active  region  that  may  be  the  result  of  a  salt  film. 

Quantitative  evidence  of  the  voltage  drop  mechanism. — 
In  this  study,  the  IR-based  model  successfully  predicted  the 
depth  of  1  mm  diam  pits  that  would  be  susceptible  to  the 
onset  of  pitting.  Other  quantitative  comparisons  of  the  IR 
model  and  the  experimental  results  are  developed  and  pre¬ 
sented  in  this  section. 

Location  of  the  active /passive  transition. — The  location  of 
the  active/passive  boundary  on  the  crevice  wall  as  a  func¬ 
tion  of  time  may  be  determined  visually  from  the  photo¬ 
graphs  of  the  cross  section  of  the  pit  (Fig.  5).  It  is  at  x  = 

1.4  mm  at  6  h  (Fig.  5b,  arrow)  and  at  smaller  x  values  at 

longer  times.  From  this  6  h  photograph  it  can  be  deduced  to 
have  been  near  x  =  1 .8  mm  at  some  earlier  time  since  the  pit 
diameter  increases  gradually  beyond  1.4  mm,  reaching  a 
maximum  at  x  =  1.8  mm.  The  value  at  t  =  0,  however,  cannot 
be  determined  from  examination  of  Fig.  5.  This  boundary 
location  can  also  be  roughly  estimated  from  the  following 
equation  and  the  available  data 

.  i  -  v;2  -  pgjgSgg  m 
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Derivation  of  Eq.  1  is  similar  to  that  given  in  the  Appendix 
of  Ref.  6  for  the  analogous  case  of  a  crevice.  It  contains  only 
parameters  that  are  directly  available  from  the  experimen¬ 
tal  data,  i.e.,  the  pitting  current,  7=1.8  mA  (Fig.  9a,  average 
current  between  t  =  0  to  1  h);  the  conductivity  for  IN  sulfu¬ 
ric  acid,  a  =  0.195  H'1  cm-1  (measured  value);  the  diameter 
of  the  pit,  D  >  1  mm  between  t  =  0  to  1  h;  the  passive  current 
density  (Fig.  3),  the  average  value  of  *=  0.02  mA  cm'2; 
and  the  potential  difference  between  the  applied  passive 
potential  at  the  sample  s  outer  surface  ( Efm f  =  400  mV,  SCE) 
and  the  active/passive  transition  potential  (Ep,„  =180  mV, 
SCE,  from  Fig.  3,  curve  a),  A<J>*  =  220  mV.  The  critical  dis¬ 
tance  at  an  early  time  from  Eq.  1  is  dc  =  1 .9  mm.  This  value 
is  of  the  same  order  of  magnitude  as  the  estimated  value 
from  the  data  in  Fig.  5  discussed  above  (-1.8  mm)  which  is 
all  one^can  expect  without  knowing  the  experimental  val¬ 
ues  at  f =  0.  This  good  agreement  is  a  proof  of  the  IR  voltage 
drop  mechanism. 


Potential  distribution  within  a  pit. — The  comparison  be¬ 
tween  the  computed*  and  the  measured  potential  distribu¬ 
tion  for  a  pit  of  depth  7  mm  and  diameter  1  mm  is  shown  in 
Fig.  10.  The  two  curves  are  very  close  to  each  other  except 
at  the  pit  opening  and  near  the  bottom  of  the  pit  where  the 
measured  potentials  differ  from  the  computation  to  some 
extent.  The  calculation  is  for  conditions  at  t  =  0  when  the 
diameter  of  the  artificial  pit  is  1  mm;  the  active  peak  is 
assumed  to  be  that  given  by  curve  a  in  Fig.  3  although  this 
curve  is  at  t  >  0  when  a  salt  film  may  have  existed  on  the 
sample  surface.  The  earliest  measured  potential  distribu¬ 
tion  is  at  0.5  h  by  which  time  the  pit  geometry  is  more 
complicated  than  the  t  =  0  geometry.  The  size  of  the  active 
peak  and  electrolyte  resistivity,  however,  should  be  close  to 
the  t  =  0  values,  since  for  the  data  in  Fig.  10  good  mixing  of 
the  pit  and  bulk  solutions  occurred  by  virtue  of  the  up¬ 
side-down  orientation.  These  and  other  sources  of  error  are 
discussed  next. 

At  the  pit  opening  (x  <  1  mm),  the  measured  potential 
does  not  decrease  with  the  pit  depth  as  steeply  as  the  com¬ 
putation  predicts.  This  is  believed  to  be  due  to  the  “pit 
opening  effect,”  explained  as  follows.  Referring  to  Fig.  13a, 
point  A  is  inside  the  pit  far  away  from  the  pit  opening.  The 
measured  potential  at  A  is  actually  the  average  potential  of 
the  small  area  (Ax)  around  A  which  is  “sensed”  by  the  tip 
of  the  Luggin  probe.  Since  the  “sensed  area,”  Ax,  is  very 
small,  the  potential  distribution  in  this  area  can  be  consid¬ 
ered  linear.  Thus,  the  average  potential  (the  measured  po¬ 
tential)  is  the  potential  at  the  middle  point  of  Ax,  point  A. 
At  point  B  close  to  the  pit  opening,  however,  the  situation 
is  quite  different.  The  “sensed  area,”  Ax',  extends  out  of  the 
pit  where  the  electrode  potential  changes  little  since  the 
resistance  to  current  flow  is  much  less.  The  average  poten¬ 
tial  (the  measured  potential)  is  thus  the  lower  potential  at 


Luggin 


X 


Ax' 


Fig.  13.  Schematic  descriptions  of  the  'pit  opening  effect'  in  the 
potential  measurements,  (a)  The  effect  of  the  'sensed  area'  by  the 
Luggin  probe,  (b)  The  effect  of  the  convex  equipotential  lines  ot  the  pit 
opening,  (c)  Determination  of  the  pit  opening  location. 
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B\  close  to  the  bottom  part  of  Ax',  instead  of  the  potential 
at  B.  Another  reason  for  the  pit  opening  effect  is  the  convex 
shape  of  the  equipotential  lines  in  the  pit  opening  area,  as 
shown  in  Fig.  13b.  At  point  A  away  from  the  pit  opening, 
the  equipotential  line  is  nearly  horizontal.  Thus,  the  poten¬ 
tial  at  A*,  the  tip  of  the  Luggin  probe,  is  equal  to  the  poten¬ 
tial  at  A.  In  the  pit  opening  area,  the  equipotential  lines  are 
of  convex  shape.  The  potential  at  the  tip  of  the  Luggin 
probe,  B*,  is  higher  than  that  at  B.  The  measured  electrode 
potential  is  thus  lower  than  the  actual  value  at  B  by  the 
amount  A4>  =  4>b*  -  <V 

Due  to  the  pit  opening  effect,  the  measured  potential  dis¬ 
tribution  is  like  the  solid  line  in  Fig.  13c.  This  measured 
distribution  makes  the  pit  opening  position  x  =  0  difficult  to 
determine  accurately.  However,  the  measured  curve  may  be 
divided  into  two  parts.  Part  A  is  the  potential  distribution 
inside  the  pit,  in  which  the  electrode  potential  drops 
rapidly  with  increasing  distance  into  the  pit.  Part  B  is  the 
potential  outside  the  pit,  in  which  the  potential  changes 
very  little.  Extrapolation  of  both  Part  A  and  Part  B  gives  an 
intercept.  This  intercept,  point  0,  is  the  pit  opening  point 
x=0.  Al|  the  measured  curves  in  Fig.  7,  8,  and  10  were 
drawn  in  this  manner. 

The  difference  in  the  calculated  and  measured  curves  in 
Fig.  10  in  the  bottom  part  of  the  pit  could  arise  from:  (i)  the 
shape  difference  of  the  pit  bottom.  The  bottom  2  to  3  mm  of 
the  pit  in  the  experiment  has  the  (cone)  shape  of  the  drill  bit 
but  the  computation  is  based  on  a  flat  pit  bottom,  (ii )  The 
change  of  the  pit  diameter  and  of  the  solution  composition 
and  conductivity.  The  measured  potential  distribution  was 
at  t  =  0.5  h  while  the  computation  was  based  on  the  t  =  0 
parameters.  The  pit  diameter  increased  somewhat  in  this 
0.5  h  period  due  to  active  dissolution  of  the  pit  wall;  the 
change  in  solution  composition  and  conductivity  can  be 
assumed  to  have  been  negligible  for  this  upside-down  ori¬ 
entation.  (iii )  Errors  in  the  computation,  e.g.,  caused  by 
idealized  assumptions  and  in  the  measurement.  The  com¬ 
putation  assumed  that  the  initial  conditions  in  the  pit  were 
represented  by  the  quasi-stationary  curve  a  in  Fig.  3 
whereas  the  currents  may  have  initially  been  higher.  Thus, 
although  there  is  some  difference,  the  two  curves  in  Fig.  1 0 
;  can  be  considered  in  quite  good  agreement  with  each  other, 
i  This  good  agreement  suggests  that  the  assumptions  for  the 
computation  are  basically  correct,  which  was  already  indi¬ 
cated  in  earlier  comparisons  of  the  calculated  and  experi¬ 
mental  results.6,7 

From  the  computed  potential  distributions  for  pits  of 
7  mm  depth  (Fig.  10  and  11),  the  critical  distance  is  the 
value  at  the  passivation  potential,  Epass  -180  mV;  dc  • 
1.7  mm.  This  is  in  agreement  with  the  estimated  experi¬ 
mental  value  from  Fig.  5  given  above  (-1.8  mm  at  6  h  > 
t  >  0)  and  also  with  the  above  estimated  value  from  Eq.  1, 
dc  =  1.9  mm. 

Total  pitting  current  in  the  early  pitting  stage. ~  Figure  12 
shows  the  initial  current  distribution  within  the  pit  which 
was  calculated  for  the  7  mm  deep  pit  in  Fig.  11  using  the 
computation  model.6  The  total  pitting  current  may  be  ob¬ 
tained  by  integration  of  the  curve  over  the  pit  wall 


7T Didx  =1.8  mA 

0 

where  d0  is  the  pit  depth.  The  obtained  value  is  well  within 
the  range  of  the  experimental  data,  1.5  to  2  mA  (Fig.  9a,  t  = 
0  to  1  h).  Thus,  it  can  be  concluded  that  the  measured 
current  largely  reflects  the  rate  of  metal  dissolution  in  the 
pit  rather  than  being  unduly  influenced  by  oxygen  reduc¬ 
tion  or  some  other  reaction.  A  comparison  of  the  charges 
passed  from  the  current-time  result  and  from  the  volume  of 
metal  dissolved  (e.g.,  Fig.  9a  and  Fig.  5e)  also  supports  this 
conclusion. 


All  the  above  estimation  and  computation  results  are 
based  on  the  voltage  drop  mechanism.  The  quantitative/ 
semi-quantitative  agreements  between  the  computation 
and  the  experiment  prove  that  the  IH  mechanism  is  operat¬ 
ing  for  pitting  corrosion  in  the  Ni/UV  H2S04  system. 

Conclusions 

1.  The  growth  of  artificial  pits  in  Ni  in  IN  H.SO,  occurs 
by  the  voltage  drop  mechanism. 

2.  The  evolution  of  the  pit  shape,  potential  and  current 
distributions  on  the  pit  wall,  and  formation  of  the  lace-like 
morphology  for  the  Ni/H,SO<  system  have  been  explained 
in  terms  of  the  IR  drop  mechanism  that  was  previously 
found  to  explain  similar  results  for  the  iron/acetic  acid 
(pH  4.7)  system.1'7 

3.  The  accumulation  of  Ni"  ions  and  increase  in  pH  that 
occurs  for  stagnant  conditions  (right-side-up  orientation) 
destabilizes  the  pitting  corrosion  process,  and  decreases 
the  size  of  the  active  loop  of  the  polarization  curve  in  ac¬ 
cord  with  the  IR  >  A4>*  criterion. 

4.  A  mathematical  model  based  on  the  Laplace  equation 
and  the  anodic  polarization  curve  successfully  predicts 
susceptibility  to  the  onset  of  pitting  corrosion  in  artificial 
pits  for  the  Ni/sulfuric  acid  system. 
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